Transcriptional variation among populations of salmon: The genetic architecture of local adaptation by Ouellette, Matthew J.
University of Windsor
Scholarship at UWindsor
Electronic Theses and Dissertations
2013
Transcriptional variation among populations of
salmon: The genetic architecture of local adaptation
Matthew J. Ouellette
University of Windsor
Follow this and additional works at: http://scholar.uwindsor.ca/etd
This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor students from 1954 forward. These
documents are made available for personal study and research purposes only, in accordance with the Canadian Copyright Act and the Creative
Commons license—CC BY-NC-ND (Attribution, Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the
copyright holder (original author), cannot be used for any commercial purposes, and may not be altered. Any other use would require the permission of
the copyright holder. Students may inquire about withdrawing their dissertation and/or thesis from this database. For additional inquiries, please
contact the repository administrator via email (scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.
Recommended Citation
Ouellette, Matthew J., "Transcriptional variation among populations of salmon: The genetic architecture of local adaptation" (2013).
Electronic Theses and Dissertations. Paper 4896.
!
!
 
 
TRANSCRIPTIONAL VARIATION AMONG POPULATIONS OF SALMON: THE 
GENETIC ARCHITECTURE OF LOCAL ADAPTATION 
 
By 
Matthew J. Ouellette 
 
A Thesis 
Submitted to the Faculty of Graduate Studies through the  
Great Lakes Institute for Environmental Research 
in Partial Fulfillment of the Requirements for 
the Degree of Master of Science 
 at the University of Windsor 
 
 
 
Windsor, Ontario, Canada 
2013 
 
©  2013 Matthew J. Ouellete 
  
TRANSCRIPTIONAL VARIATION AMONG POPULATIONS OF SALMON: THE 
GENETIC ARCHITECTURE OF LOCAL ADAPTATION 
by 
Matthew J. Ouellette 
 
APPROVED BY: 
______________________________________________ 
Dr. Andrew Hubberstey, External Program Reader 
University of Windsor, Biological Sciences 
______________________________________________ 
Dr. Aaron Fisk, Departmental Reader 
University of Windsor, GLIER 
______________________________________________ 
Dr. Daniel D. Heath, Advisor 
University of Windsor, GLIER 
______________________________________________ 
Dr. Douglas Haffner, Chair of Defense 
University of Windsor, GLIER 
 
20 December 2012
!!
!
"""!
 
CO-AUTHORSHIP STATEMENT 
I hereby declare that this thesis incorporates material that is result of joint research 
from co-authored and submitted journal articles undertaken by the supervision of my 
supervisor Dr. Daniel Heath (University of Windsor).  The primary contributions, data 
collections, laboratory work, and interpretation of the data was performed by the author, 
with additional input on data analysis, interpretation of data, and written discussion by co-
authors.  I am aware of the University of Windsor Senate Policy on Authorship and I 
certify that I have properly acknowledged the contribtuon of other researchers to my 
thesis, and have obtained written permission from each of the co-author(s) to include the 
above material(s) in my thesis. 
 I certify that, with the above qualification, this thesis, and the research to which it 
refers, is the product of my own work. 
 
DECLARATION OF PREVIOUS PUBLICATION 
This thesis includes 1 original paper that has been previously submitted for publication in 
a peer reviewed journal, as follows: 
Chapter 2: The genetic architecture of transcription variation among populations of 
Chinook salmon (Oncorhynchus tshawytscha): Non-additive genetic and maternal effects 
drive population differentiation. (Manuscript submitted to Genetics: April 2013). 
I certify that I have obtained a written permission from the copyright owner(s) to include 
the abaove published material(s) in my thesis.  I certify that the above material describes 
work completed during my registration as a graduate student at the University of 
Windsor. 
!!
!
"#!
I declare that, to the best of my knowledge, my thesis does not infringe upon 
anyone’s copyright nor violate any proprietary rights that any ideas, techniques, 
quotations, or any other material from the work of other people included in my thesis, 
published or otherwise, are fully acknowledged in accordance with the standard 
referencing practices.  Furthermore, to the extent that I have included copyrighted 
material that surpasses the bounds of fair dealing with the meaning of the Canada 
Copyright Act, I certify that I have obtained a written permission from the copyright 
owner(s) to include such material(s) in my thesis. 
 I declare that this is a true copy of my thesis, including any final revisions, as 
approved by my thesis committee and the Graduate Studies office, and that this thesis has 
not been submitted for a higher degree to any other University or Institution. 
  
!!
!
#!
ABSTRACT 
Chinook salmon (Oncorhynchus tshawytscha) life history provides an excellent 
opportunity to study the molecular mechanisms of selective divergence.  I analyzed gene 
transcription in Chinook salmon that were created in a replicated North Carolina II 
breeding design to estimate quantitative genetic parameters that contributed to among-
population variation in gene expression.  Following Fischer’s fundamental theorem, 
transcriptional variation of many genes was due to additive effects. However, a surprising 
number of genes exhibited non-additive genetic and maternal effects on transcription, and 
these effects may explain the high potential for rapid population-level evolution in 
salmon.  Indeed, populations differed substantially in gene transcription.  Pervasive non-
additive gene expression raises concerns for conservation strategies that result in 
intraspecific hybridization.  I document extensive amounts of reciprocal hybrid 
disagreement in gene transcription, indicative of breakdown of gene expression regulation 
complexes that are likely co-adapted.  Anomalous hybrid gene transcription warrants 
caution for conservation strategies that employ mixing natural stocks.  
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CHAPTER 1 
 
GENERAL INTRODUCTION 
Sub-cellular phenotypic variation 
 
Phenotypic variation serves as one of the fundamental prerequisites for selection 
to act within a population.  In a gradient of phenotypes, specific trait values may be more 
favorable in a given environment, resulting in some individuals having a competitive 
advantage relative to others in the population. However, natural selection will work to 
increase the frequency of advantageous phenotypes in the population only if such 
phenotypes are heritable. Thus, dissecting the genetic and environmental factors 
contributing to phenotypic variation is fundamental to evolutionary biology, with the 
ultimate goal being the ability to quantify the relative contribution of genetic, 
environmental and GxE interactions to predict the outcome of altered selection regimes.  
Although the idea of natural selection driving evolution has been widely accepted for 
more than a century (Darwin 1859), only recently have we truly been able apply theories 
of evolution to describe the extensive phenotypic variability found at the cellular level.  
Consequently, there has been increasing interest in describing the impact of selection on 
molecular processes that contribute to individual viability and reproductive success; 
however, all of that work implicitly assumes the molecular processes have an underlying 
heritable basis, an assumption with relatively little empirical evidence, depending on the 
study taxon. 
Molecular evolution 
 
The discovery of the central dogma of molecular biology (Crick 1970) expanded 
our understanding of the relationship between genotype and phenotype, and mechanisms 
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governing the process.  Based on the understanding that different DNA sequences would 
give rise to different proteins, much attention has been given to correlating differences in 
genomic sequences (DNA) to divergence among species (Kocher et al. 1989).  However, 
since the work of King & Wilson (1975), it has been widely accepted that the expression 
of genes, rather than simply the DNA sequence of genes themselves, plays a significant 
role in the phenotypic differences observed among (and within) species.  Thus, a new 
approach to demonstrating adaptation at the molecular level has been to screen for 
selection acting on gene expression regulation (Gibson & Weir 2005); the first step of 
expressing a phenotype.  Given that mRNA levels are significantly correlated with 
protein levels (Vogel et al. 2010; Schwanhaeusser et al. 2011), and that innovative 
nucleic acid technologies now allow widespread analysis of mRNAs, transcriptional 
regulation has become a natural target for the study of phenotypic divergence and 
adaptation.  Indeed, individual variation in transcription has been extensively 
demonstrated (Gasch et al. 2000; Oleksiak et al. 2002; Schadt et al. 2003; Roberge et al. 
2008; Bougas et al. 2010; Aykanat et al. 2011). Such variation provides the necessary 
conditions for transcription regulation to evolve in natural populations.  Although 
transcription may be weakly correlated with protein function, protein coding sequences in 
DNA are inert in the absence of transcriptional regulatory mechanisms (Wray et al. 
2003).  Thus, transcription is a powerful biomarker for an organism’s response to 
external stimuli, despite other downstream processes that regulate gene expression 
(Levine & Tjian 2003), given that it is the first step in the flow of genetic information to 
generate a physiological or developmental reaction. 
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Sources of transcriptional variation 
 
Functional analysis of the process of transcription has revealed that regulation 
occurs at multiple levels (Wray et al. 2003).  There are two broad classes of 
transcriptional regulatory elements in DNA.  The first class includes polymorphisms at 
loci that affect the overall abundance of mRNA expressed from that locus, typically 
through differences in promoter, enhancer, and repressor regions affecting transcription 
efficiency.  The second class includes polymorphisms that affect the transcription at 
other, unlinked, loci, such as allelic variation in transcription factors that differ in their 
ability to recruit RNA polymerase (Wray et al. 2003).  In addition to variation in genetic 
code, epigenetic factors have also been shown to significantly influence transcriptional 
variation (Monk 1995).  Many extra-nuclear regulatory mechanisms have been described, 
such as genomic imprinting (i.e. methylation, Bird 1986), histone modification (Strahl & 
Allis 2000), and X chromosome inactivation (Monk 1995).  In addition, genotype-by-
environment (GxE) interactions also contribute to transcription variation, as plasticity in 
transcription is well documented in lower eukaryotes (Gasch et al. 2000) and is expected 
in higher taxa.  Clearly, the whole of transcriptional regulation is greater than the sum of 
its parts.  There are some processes in the transcription regulation pathways that lack a 
heritable component (Wray et al. 2003), and those processes serve to increase the “noise” 
seen in transcriptional phenotypes, effectively reducing the ability for selection to fix 
mRNA levels for evolutionary important genes (Monk 1995).  
Partitioning transcription variation: Quantitative genetic models 
 
The disconnect between our knowledge of evolutionary processes and the 
variation seen in phenotypic traits fueled the development of a novel form of statistical 
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genetic analysis.  Quantitative genetics translates relatedness among individuals and 
similarity in phenotypes into an estimation of the relative contribution of genetic and 
environmental variance to the observed phenotypic variation (Lynch & Walsh 1998).  
Coupled with breeding experiments, quantitative genetics can further partition genetic 
variation into genetic architecture; that is, the additive, maternal, and non-additive effects 
on phenotypic variation.  When additive genetic effects underlie phenotypic divergence, 
crossing divergent lines results in offspring who display an average inherited phenotypes 
(Figure 1.1A).  When non-additive genetic effects underlie phenotypic divergence, 
crossing divergent lines results in offspring that display dominant or epistatic phenotypes 
(Figure 1.1B).  Finally, when maternal effects underlie the phenotypic divergence, 
crossing divergent lines results in offspring phenotypes that are influenced by the 
phenotype of the mother (Figure 1.1C).  Further dissection of the non-additive genetic 
variance into dominance and epistasis components is possible given suitable breeding 
designs (Lynch & Walsh 1998).   
Artificial selection programs have especially benefitted from the use of 
quantitative genetic theory owing to its predictive power for phenotypic outcomes in 
targeted breeding designs (Hill & Kirkpatrick 2010).  The study of quantitative traits in 
natural systems, however, is often challenging due to the complexity of separating the 
breeding value (an individual’s genetic contribution to the phenotype of its offspring) 
from environmental influences; the main difficulty without a controlled environment and 
known relatedness among individuals (Hill & Kirkpatrick 2010; Wilson et al. 2010).  
Nevertheless, quantifying the genetic architecture of evolutionarily important traits in 
natural populations is fundamental to understanding differences that underlie phenotypic 
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and genetic divergence (i.e. drift, local adaptation, and speciation).  Likewise, building a 
framework for practical applications of evolutionary theory, such as predicting the 
transmission of phenotypes through generations, is fundamental to evolutionary, 
conservation, and medical biology alike.   
Transcription is ideally suited for quantitative genetic analysis due to the array of 
factors that can influence the process, that is, it is by definition a multigenic trait.  In it’s 
simplest sense, the extent and scale of transcription is highly dependent on genetic and 
environmental factors (Gibson & Weir 2005).  Environmental influence can be the 
dominant component driving variation (Gasch et al. 2000); however, transcription is 
especially worthy for quantitative genetics given that complex genetic GxE interactions 
and epigenetic mechanisms modulate the phenotype as a whole (Wray et al. 2003).  
Indeed, there is considerable variability in transcription due to gene-gene and gene-
environment interactions (Monk 1995), which allows for extensive partitioning of the 
genetic component of variation.  Transcriptional variation can be extensive among 
individuals within populations and hence provides an ideal system for implementing 
quantitative genetic theory with the goal of expanding our understanding of evolutionary 
processes at the molecular level. 
Salmon 
 
Salmonidae (order Salmoniformes) are ray-finned fishes found in both the 
Atlantic and Pacific oceans that display astonishing variation in life history traits both 
within and among species (Quinn 2005).  For example, different salmonid species have 
evolved resident or anadromous populations, as well as semelparous or iteroparous life 
history strategies, in their native range and upon successful introductions in many parts of 
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the world (Quinn 2005).  Pacific salmon (Oncorhynchus sp.) are especially interesting 
from a life history perspective.  Like many salmonids, they spawn in fresh water, but 
quickly migrate to sea.  Once sexually mature, salmon return to the rivers with high 
fidelity to their natal streams, to reproduce and eventually die (Gende et al. 2002). These 
strong homing behaviors limiting gene flow among river systems contributes to high 
genetic differentiation among populations (Quinn 2005).   Their philopatric life history 
strategy is also thought to drive adaptive divergence due to their distribution among 
specific river habitats with a wide variety of biological (e.g. food abundance, pathogen 
diversity) and physical (e.g. temperature, pH, salinity) characteristics (Fraser et al. 2011).  
The genetic consequences of their life cycle, combined with their capacity for population 
divergence is believed to provide the framework for rapid population-level adaptations 
(Taylor 1991).  Thus, local adaptation leading to high phenotypic variation found among 
salmonid populations provides an excellent model system for quantitative genetic 
analysis of fitness-related traits (Heath et al. 1999; Carlson & Seamons 2008; Aykanat et 
al. 2012). 
Pacific salmonids present an excellent natural system to study evolution at the 
molecular level.  Limited gene flow among populations, coupled with high environmental 
heterogeneity, provides an ideal scenario for the co-evolution of regulatory networks that 
allow sensitive regulation of gene expression in different environments (Fraser et al. 
2011).  Environmental influences on gene expression variation can be removed in 
common breeding designs to characterize genetic architecture in natural populations, 
although the potential exists for genetic architecture to vary with changing rearing 
environments via genotype-by-environment interactions.  Indeed, studies employing 
!!
!
+!
those methods have demonstrated exceptional power in partitioning the additive and non-
additive contributions to traits of interest in salmon (Mavarez et al. 2009; Bougas et al. 
2010; Aykanat et al. 2011, 2012). Many studies have shown that non-additive genetic 
variance is a significant component of the genetic architecture of divergence (Pante et al. 
2002; Pitcher & Neff 2006; Aykanat et al. 2012), especially for transcriptional traits 
(Normandeau et al. 2009; Bougas et al. 2010; Aykanat et al. 2011), and hence classical 
additive theories of evolution may be unrealistic for salmonids and perhaps gene 
transcription traits in general. 
Intraspecific hybridization 
 
The isolated and genetically divergent character of wild salmon populations has 
wide ranging implications for their conservation and management (Fraser et al. 2011).  
One specific concern is that if reproductively isolated populations are allowed to 
interbreed as the result of human management actions or increased straying caused by 
habitat disruption, the intraspecific hybrids suffer outbreeding depression (i.e., a 
reduction in offspring fitness relative to parents). The genetic mechanisms behind 
outbreeding depression may include both additive and/or non-additive effects (Templeton 
1986; Lynch 1991).  For example, if gene expression at a particular locus has an additive 
genetic component, hybrids will express an intermediate gene expression phenotype 
relative to both parents, producing a phenotype that may be unsuitable in either parental 
environment (Lynch 1991).  Non-additive gene expression, however, can lead to less 
predictable outcomes in hybrids (Templeton 1986). Based on the expectation that 
isolation and genetic divergence can foster the evolution of population-specific co-
adapted gene expression complexes, either via genetic drift or local adaptation processes, 
!!
!
,!
unpredictable and likely mal-adaptive gene expression could arise when genomes are 
mixed (Templeton 1986).  In natural populations, hybridization is often achieved by 
habitat destruction breaking down reproductive barriers or conservation strategies that 
employ species translocation in response to low population size (Rhymer & Simberloff 
1996), plus, there is growing interest in intentional intraspecific hybridization to increase 
genetic diversity in small populations, with the goal of artificially driving heterosis (i.e. 
“genetic rescue”, McClelland & Naish 2007).  Although hybridization may increase 
genetic diversity and result in an increase in offspring fitness relative to parental 
populations via heterosis (Lynch 1991), there is also the potential for outbreeding 
depression to occur. Outbreeding depression may be the more likely scenario for species 
such as salmon, where viability and fitness may be highly dependent on local conditions 
(Fraser et al. 2011), thus hybridization could manifest itself as the loss of genotypic 
distinction among populations, and therefore a reduction in overall hybrid fitness due to 
incompatibilities with local selection pressures (Templeton 1986). As a result, the extent 
and scale of the genetic disruptions resulting from genome mixing are increasingly 
becoming a focus in salmon research that is designed to address short and medium-term 
population viability and individual performance issues (Mavarez et al. 2009; 
Normandeau et al. 2009; Bougas et al. 2010). 
Thesis objectives 
 
 The goal of this thesis is to characterize the genetic architecture of transcription 
and determine the genetic impacts of outbreeding in the context of local adaptation in 
Chinook salmon (Oncorhynchus tshawytscha).  It employs a common garden breeding 
design to partition among-population transcriptional variation into different genetic 
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variance components, which are used as priors to estimate the molecular consequences of 
intraspecific (population) hybridization. The underlying genetic basis for the transcription 
of evolutionarily important genes contributes to our knowledge of molecular evolution 
and highlights the significance of gene expression adaptations, or at least divergence due 
to drift, on a local scale. 
 Chapter 2 utilizes microarray technology to screen transcription at a suite of 
evolutionarily important gene loci in progeny created from a full-factorial breeding 
design of Chinook salmon from four distinct wild populations.  Additive genetic, non-
additive genetic and maternal effects contributing to the observed transcriptional 
variation at 367 gene loci are estimated from the data, and their relative magnitudes are 
interpreted from an evolutionary perspective.  The results from my study highlight the 
prevalence of non-additive genetic and maternal effects in transcriptional population 
differentiation in salmon. 
 Chapter 3 uses the transcriptional data set obtained from the microarray analysis 
in Chapter 2, but its purpose is to identify reciprocal hybrid incompatibilities of gene 
expression regulatory mechanisms.  Various outbreeding effects on individual genes and 
functional groups of genes are quantified and their cause is discussed in the context of 
genetic drift and local adaptation.  This chapter supports previous findings of 
intraspecific salmon hybridization and provides important insight for conservation 
strategies. 
Together, those chapters use transcriptional variation as a proxy for molecular 
evolution in Chinook salmon to address the role of genetic architecture in the context of 
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population divergence.  My results suggest that genetic architectures are indeed 
population-specific and that non-additive genetic effects are major components of 
transcriptional regulation, especially in the context of recently diverged populations.  
These results quantify the genetic consequences of population hybridization in salmon, 
and highlight the importance of maintaining natural stocks as pure-breeding lines for long 
term viability of Pacific salmon stocks in Canada. 
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Figure 1.1: Hypothetical crosses between individuals X and Y who display phenotypic divergence for a given trait; the phenotype of 
their offspring (XY) is also shown for a cross between a female X and male Y.  Panel A shows the result of XY offspring when 
additive genetic effects underlie the phenotypic divergence.  Panel B shows the results of XY offspring when non-additive genetic 
effects (specifically, dominant effects) underlie the phenotypic divergence.  Panel C shows the result of XY offspring when maternal 
effects underlie the phenotypic divergence.  Note that non-additive genetic and maternal effects differ in that the phenotype of the 
mother determines the phenotype of the offspring. 
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CHAPTER 2 
 
THE GENETIC ARCHITECTURE OF TRANSCRIPTION VARIATION AMONG 
POPULATIONS OF CHINOOK SALMON (ONCORHYNCHUS TSHAWYTSCHA): 
NON-ADDITIVE GENETIC AND MATERNAL EFFECTS DRIVE POPULATION 
DIFFERENTIATION 
Introduction 
 
With our increasing understanding of the large role that genetics plays in 
physiology, ecology and evolution, there has been an explosion of studies attempting to 
characterize the biochemical pathways that regulate the expression of genes (Komili & 
Silver 2008).  Based on published eukaryotic gene expression networks, it is clear that 
regulatory elements have evolved to act at all levels of gene expression (de-Leon & 
Davidson 2009; Schwanhaeusser et al. 2011).  The traditional approach to characterizing 
gene expression frequently focuses on individual genes or gene families in response to 
stress or other stimuli, although broad-scale genome-level analyses are becoming more 
common (Gibson & Weir 2005).  Historically, transcriptional control of gene expression 
was identified as a major regulatory factor in cell-type differentiation (Derman et al. 
1981); however, the concentration and conformation of a protein ultimately represents the 
functional extent of a gene’s expression (MacKay et al. 2004).  Contrary to prior belief 
(e.g., Gygi et al. 1999), recent studies have demonstrated that protein levels are generally 
correlated with mRNA abundance (Abreu et al. 2009; Schwanhaeusser et al. 2011).  This 
points to variation in gene transcription as an important component of gene expression 
regulation that likely plays a significant role in the overall function and viability of 
organisms, such as in response to temperature (Gasch et al. 2000), activation of immunity 
(Aykanat, Heath et al. 2012), and stress tolerance (Gasch et al. 2000; Krasnov et al. 
2005; Aykanat et al. 2011).  Gene transcription levels can be regarded as phenotypes, and 
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provided that transcriptional control is heritable, gene expression regulation provides 
variation at the molecular level for selection to act upon (Levine & Tjian 2003; Wray et 
al. 2003; Kleinjan & van Heyningen 2005).  A recent approach to quantifying the 
evolutionary role of transcriptional regulation has been to fit quantitative genetic models 
to transcription data to estimate genetic variance components that contribute to 
phenotypic variation (Gibson & Weir 2005).  Often the explicit goal is to quantify the 
additive genetic component underlying variation in mRNA levels through comparisons of 
individuals of known relatedness.  However, it has become clear that non-additive genetic 
effects, such as dominance, epistasis and maternal effects substantially contribute to 
phenotypic variation in many species (Birchler et al. 2005).  Indeed, the significance of 
non-additive genetic sources of variation needs to be assessed along with the additive 
genetic variance to properly characterize the nature and mechanisms of phenotypic 
variation, both within and among populations. 
Innovative biochemical techniques have enhanced our ability to detect and 
quantify variation at the molecular level, especially in the realm of gene expression 
(Wilson et al. 2010).  Evolutionary biologists can now quantify transcription across the 
genome (Schena et al. 1995; Gibson et al. 1996; Morin et al. 2008).  By analyzing large 
portions of the transcriptome for multiple individuals, studies have shown high levels of 
natural within- and among-population variation.  For example, Oleksiak et al. (2002) 
analyzed the expression of approximately 900 genes in Fundulus and found that up to 
18% were expressed significantly differently among individuals of the same population.  
Similarly, 33% (7861 out of approx. 23500) of mouse genes (Mus musculus) surveyed by 
Schadt et al. (2003) differed in expression among parental lines. Similar findings have 
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been documented in many other organisms (Gibson & Weir 2005), for example in 
Drosophila (Gibson et al. 2004; Hughes et al. 2006) and marine species (Roberge et al. 
2008; Bougas et al. 2010; Aykanat et al. 2011).  However, expression divergence among 
individuals is meaningless in the context of additive divergence if it reflects neutral 
genetic variation or if it is simply due to environmental variation (Khaitovich et al. 2004).  
The evolution of gene expression differences among populations (or species) that 
underlie local adaptation or speciation rests on an assumption of genetic inheritance of 
gene expression, making knowledge of genetic architecture (i.e. relative contribution of 
additive and non-additive genetic variance to phenotypic variation) critically important 
for evolutionary and conservation applications.  The newest challenge is to not only 
demonstrate variability in transcription among populations, but also to partition the 
variation into genetic and environmental sources (Wray et al. 2003). 
As with any phenotypic trait, transcriptional regulation is affected by genetic, 
environmental, and interaction effects.  Non-additive genetic processes involved in the 
regulation of transcription include epigenetic, epistatic, and extra-nuclear cellular 
mechanisms, and detailed reviews of these processes can be found elsewhere (e.g., 
Jaenisch & Bird 2003; Wray et al. 2003).  Interestingly, the study of epistatic interactions 
has revealed extensive coupling and coordination among regulatory elements (Komili & 
Silver 2008), contributing to the notion that evolution has shaped complex molecular 
networks that allow sensitive and responsive gene expression regulation (Birchler et al. 
2005).  Thus, many studies have sought to demonstrate the relative contribution of 
additive and non-additive genetic effects that contribute to the variation observed in 
transcription levels.  There has been considerable variation in the outcomes, with some 
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studies documenting high levels of non-additivity (Gibson et al. 2004; Roberge et al. 
2008; Bougas et al. 2010) while others suggest that regulation is predominantly additive 
(Hughes et al. 2006; Rottscheidt & Harr 2007).  For example, Rottscheidt & Harr (2007) 
measured transcription in hybrids of subspecies of house mice (Mus musculus) and found 
that >80% of all transcripts were expressed in an additive fashion.  However, 
transcription studies that implicitly assume primarily additive genetic contributions 
should be interpreted with caution, as other variance components are common for most 
complex phenotypic traits (Lynch & Walsh 1998; Wilson et al. 2010).  Quantifying some 
of the commonly disregarded sources of variation can in fact reveal significant influences 
on the transcriptional variance structure (Aykanat et al. 2012).  Given the array of 
biological interactions involved in transcription (i.e., gene-gene and gene-environment 
interactions), proper quantitative genetic models and analyses should be included as part 
of all studies focusing on the partitioning of observed phenotypic variance (Lynch & 
Walsh 1998; Wray et al. 2003). 
Chinook salmon (Oncorhynchus tshawytscha) populations are excellent natural 
systems to analyze the genetic architecture of transcriptional variation among genetically 
isolated populations.  Chinook salmon are a salmonid species found naturally on the 
northern coasts of the Pacific Ocean and have been introduced to many other parts of the 
world (Quinn 2005).  They are highly philopatric in that they spend most of their lives at 
sea but return to the freshwater sites where they were hatched to spawn (Groot & 
Margolis 1991). Their highly specific homing behaviors (and generally small effective 
population sizes, Shrimpton & Heath 2003) contribute to genetic differentiation among 
Chinook salmon populations, as gene flow is restricted among rivers and even among 
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spawning locations within rivers (Beacham et al. 2006).  Furthermore, Chinook salmon 
display a wide variety of life history traits among (and within) populations, including 
traits such as developmental rates, morphology, migration timing and duration, and 
duration of freshwater residence (Groot & Margolis 1991).  Chinook salmon also are 
often characterized by low effective population sizes (Shrimpton & Heath 2003), 
maximizing their potential for genetic drift, which, combined with their distribution 
across heterogeneous environments, promotes rapid population level evolution, or local 
adaptation (Hendry & Kinnison 1999; Hendry et al. 2000; Heath et al. 2003; Aykanat et 
al. 2011).  Salmonids in general have been shown to exhibit substantial variation in 
transcription among natural populations (Roberge et al. 2008; Bougas et al. 2010; 
Aykanat et al. 2011).  It is hypothesized that those differences, as with other phenotypic 
and life history traits, are the result of their evolutionary response to isolation and local 
environmental pressures (Jeukens et al. 2009; Fraser et al. 2011).  
Here I characterize the genetic architecture of population differences in Chinook 
salmon transcription by using a replicated factorial (North Carolina II) breeding design to 
create multiple half-sib families from parents from four different wild populations.  
Offspring were raised in a common environment to minimize environmental sources of 
variation that could influence gene expression. I used a custom low-density microarray to 
survey transcription levels of 367 genes in gill tissues of fish at rest and 24 hours post 
immune stimulation (Vibrio anguillarum challenge).  My motivation for including the 
analysis of immune stimulated fish was to provide a parallel estimate of genetic 
architecture of genes that may be regulated by separate genetic mechanisms, relative to 
the “at rest” setting.  However, immune stimulation is also evolutionarily relevant in 
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salmon, as disease resistance is thought to be a primary driver of local adaptations (Fraser 
et al. 2011). I applied quantitative genetic models (Lynch & Walsh 1998; Wilson et al. 
2010) to the transcriptional data on a per gene basis to partition genetic sources of 
variation at each assayed locus.  I found evidence for additive, non-additive, and maternal 
effects contributing to the gene transcription architecture of Chinook salmon population 
divergence, and hence likely to local adaptation as well.  My results thus add to the 
growing body of evidence supporting non-additive genetic effects as substantial sources 
of among-population differentiation in salmonids (Pante et al. 2002; Pitcher & Neff 
2006; Aykanat et al. 2011; Aykanat, Heath, et al. 2012).  Understanding the genetic 
architecture of population divergence is fundamental to our understanding of processes 
that may initiate speciation, but it also has important conservation implications.  Indeed, 
my study demonstrates a significant component of gene-specific architecture that could 
be subject to disruption if populations were to interbreed, and, at a minimum, those 
effects warrant further exploration. 
 
Materials & Methods 
 
Fish sampling, breeding and rearing 
 
Gametes from parent pairs from four wild Chinook salmon populations (Figure 
2.1) were taken from Harrison River (HR), Quinsam River (QN), Big Qualicum River 
(BQ), and Robertson Creek (RC) in British Columbia, Canada, to create half-sib families 
in four replicate 4x4 factorial breeding designs (Table 2.1). Eggs and milt obtained from 
the parental fish from each river were shipped to the Quesnel River Research Center 
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(Prince George, British Columbia, Canada) for fertilization in October of 2005.  Fin clips 
of parents were taken for later genetic analysis.  Fertilized eggs were isolated and 
incubated in vertical stack incubation trays with families separated in individual 
incubation cells until disease screening of the parents was complete.  At the eyed egg 
stage, eggs from each 4x4 factorial cross replicate were pooled and reared together, 
keeping the four replicate 4x4 crosses separated.  At the first-feeding stage, all four sets 
of pooled progeny were transferred to outdoor 6.0 m3 freshwater Capilano troughs (flow 
rate – approx. 8 L/sec).  There were 4 replicate troughs in total, each containing 16 
families (Table 2.1) created from different parent pairs obtained from the four rivers.  
Seven months after fertilization, 300 fish from each trough were humanely euthanized in 
a clove oil solution and gill arches were collected and stored frozen in an RNA 
preservative solution (3.5M Ammonium Sulfate, 15mM EDTA, 15mM Sodium Citrate, 
pH 5.2).  Additionally, 300 fish were immune challenged via immersion in a 20L bath of 
10% vaccine solution (inactivated strains of Vibrio anguillarum serotypes 01 & 02; 
MICROVIB, Microtek International Inc.) for two minutes, and transferred to holding 
tanks for gill sampling (as previously described) 24 hours later.  I included the analysis of 
immune stimulated fish to provide a parallel estimate of genetic architecture in different, 
and perhaps also differentially co-evolved, transcriptional networks. Fish were 
unambiguously assigned to their family via parentage assignment based on genotypes at 
three microsatellite loci using parental fin clip and offspring gill arch DNA. 
RNA extraction, cDNA synthesis and dye labeling 
 
Total RNA was isolated from three fish per family per replicate trough where 
possible (parentage assignment of all juvenile fish resulted in some families having less 
!!
!
((!
than three fish; Table 2.1) using the TRIzol extraction method (Invitrogen, Carlsbad, 
CA). RNA samples were then treated with DNase I (New England Biolabs, Pickering, 
Ontario) following the manufacturer’s protocol.  Integrity of RNA samples was 
confirmed by visual inspection via agarose gel electrophoresis.  RNA concentration was 
determined spectrophotometrically (A260/A280 method) using a Perkin Elmer Victor3V 
1420 Multilabel Counter.  10 µg of RNA from each sample was reverse transcribed and 
dye labeled using Invitrogen SuperScript™ Plus indirect cDNA labeling system with 
Alexa 555 and 647 dyes following the manufacturer’s protocol, but using half the 
recommended reagents.  Purified, labeled cDNA products were dried down to 5 µL in a 
speed vac centrifuge for subsequent hybridization. 
Microarray fabrication 
 
Evolutionary interesting genes were chosen for microarray printing based on 
Oncorhynchus tshawytscha and Oncorhynchus mykiss mRNA and cDNA sequences 
available in the GenBank repository (Benson et al. 2011).  Oligonucleotide probes of 
approximately 45 bases were generated for 367 selected genes using ProDesign software 
(Feng & Tillier 2007), using all available O. tshawytscha, O. mykiss, and S. salar 
published cDNA sequences as benchmarks to ensure probe specificity.  Information 
regarding the selected genes and probes can be found in Appendix A and at 
http://www.uwindsor.ca/glier/system/files/ChinookMicroarray.txt.  Oligonucleotide 
probes were synthesized by Sigma Alderich (Oakville, Ontario) with reverse-phase 
cartridge purification (RP1) at a working concentration of 50 µM in 3X SSC.  Gold 
Seal® glass slides (3x1”) were coated with poly-L-lysine (Sigma, Oakville, Ontario) 
following the procedure outlined in DeRisi et al. (1997).  Oligonucleotide probes were 
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printed on the coated slides using a SpotArray 24 MicroArray Spotting System (Perkin 
Elmer, Waltham, Massachusetts) with a 4-pin framework in the Environmental Genomics 
Facility at the Great Lakes Institute for Environmental Research at the University of 
Windsor.  Each slide contained 2 identical replicate sub-arrays that consisted of 367 
oligonucleotide probes for the selected genes and 12 blank (buffer only) spots, all of 
which were printed in triplicate side-by-side.  Hierarchical replication of individual 
probes and whole arrays provided substantial statistical power for partitioning and 
removing technical error that contributes to the variance of the transcription data from 
microarays. Within 12 hours of printing, slides were denatured, UV-hybridized and 
blocked using a succinic anhydrate protocol (Rubins 2006). 
Microarray hybridization and washing 
 
Selected cDNA samples were fluorescently labeled with the two dyes and 
assigned for array hybridization together haphazardly.  Samples were added to 20 uL of a 
pre-warmed 3X hybridization buffer (15X SSC, 1.5% SDS), gently mixed by finger 
flicking, and denatured at 94 °C for 2 minutes.  Immediately after denaturing, the entire 
hybridization solution was spread onto the microarray surface, covered with a 22 mm x 
40 mm coverslip (VWR, Mississauga, Ontario), and the microarray slide was inserted 
into a custom moist hybridization chamber and kept at 42°C for 16 hours.  After 
hybridization, slides were suspended in a 2X SSC 0.1 % SDS solution for 2 minutes to 
remove coverslips.  Slides were then washed with gentle agitation in a separate 2X SSC 
0.1% SDS solution for 2 minutes, followed by a wash in 1X SSC for 1 minute, and 
finally a 0.1X SSC solution for 1 minute.  Slides were dried in a plate-based centrifuge at 
1000 RPM (25 °C) for 4 minutes.   
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Slide scanning, spot quantification, and data normalization 
 
TIFF images were generated for each fluor separately with the Scan Array 
Express Microarray Imaging System (Perkin Elmer, Massachusetts) equipped with 633 
and 543 nm excitation lasers. Fluorescence intensity of each spot was quantified using the 
Easy Quant protocol and rolling circle method within the ScanArray Express Microarray 
Analysis System software.  Data processing and statistical analyses were performed with 
R software (R Development Core Team 2011).  Digitized array scans were pre-processed 
using the limma package in R (Burton 1990).  Local background from each spot was 
removed using the ‘normexp’ method (Ritchie et al. 2007).  Spots with signal to noise 
ratios below 2.0, or with signal intensity below the mean blank spot intensity plus two 
standard deviations were removed from the analysis.  Spot intensities were first 
normalized within arrays using a global ‘loess’ method to remove dye-dependent 
intensity effects.  Spot intensities were then normalized among arrays using a ‘quantile’ 
method (Smyth & Speed 2003) that centers the empirical distribution of intensities for 
each slide.  On average, there were 60 ± 6 and 61 ± 9 (± SE) points per gene, per family, 
after data normalization and removal of bad spots (those that failed the quality control 
criteria – see above) in control and immune stimulated data sets, respectively.  
Statistical analysis 
 
I partitioned the variance of the transcription data for each gene-treatment combination 
using a derivative of the ‘animal model’ (Wilson et al. 2010): 
yabcwyxz = µ +sa + db + Iab +Rc + Lw(xy) + Bx(y) + Ry + Cz + eabcwyxz 
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where yabcwyxz is the transcription intensity value of a gene for the yth replicate spot in the 
xth block on the wth  microarray slide and µ is the overall mean intensity value. The model 
also includes random effects of spot color (Cz) and replicate trough (Rc) to further 
partition technical sources of variation, with eabcwyxz representing residual error.  The 
biological sources of variation (bold type) of sire (sa), dam (db), and sire x dam 
interaction (Iab) are also modeled as random effects (Lynch & Walsh 1998).  I estimated 
each of the variance parameters in the model using restricted maximum likelihood 
(REML) in the lme4 package (Bates et al. 2011).  The significance of the biological 
random effects terms was evaluated by removing the terms in a stepwise manner, refitting 
the model, and assessing the significance of log likelihood change in the model fit, using 
a log ratio test (LRT).  Significant effects were determined as those resulting in a 
significant p value (p<0.05), although p values marginally similar to the critical value 
may also be significant as the log likelihood test is conservative (Bates 2010).  I validated 
the effect of immune stimulation on transcription by identifying differentially expressed 
genes in a similar fashion: I compared the fit of the model for each gene before and after 
adding a fixed effect term for treatment, using maximum likelihood instead of REML to 
estimate the variance parameters (Bates 2010).  However, data obtained from control and 
immune stimulated tissues were subsequently analyzed separately to provide parallel 
genetic variance partitioning for the potentially separate transcriptional regulation 
pathways. 
I quantify the genetic basis of transcriptional regulation for 367 genes in two 
separate environmental regimes by estimating the significance of the biological variance 
components.  Sire (!2s), dam (!2d), and sire x dam interaction (!2I) effect terms are 
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indicative of additive, maternal plus additive, and non-additive genetic effects, 
respectively (Lynch & Walsh 1998).  Sire and sire x dam interaction effects provide an 
estimate of additive (VA , equals four times the sire effect variance !2s) and non-additive 
(VNA , equals the interaction effect variance !2I) genetic variance, respectively.  Maternal 
effects (VM) are calculated as the difference between dam and sire variance estimates (!2d 
- !2s, Lynch & Walsh 1998).  I tested the significance of all effects by creating a 
distribution of null genetic variance components (!2s, !2d, !2I) from 1000 randomizations 
of the transcriptional data.  I subtracted 1000 dam (!2d) estimates for corresponding sire 
(!2s) estimates and if my observed maternal effect estimate (!2d - !2s) fell within the top 
or bottom 2.5% of estimates generated in the randomized distribution, I deemed it as 
significant.  Individual sire, dam, and sire x dam interaction effects were also tested for 
significance in a similar fashion and results were compared to the significance 
determined by LRT model fitting.  I defined the total biological variation in the 
transcriptional data as the sum of additive (VA), non-additive (VNA) and maternal (VM) 
effects (Lynch & Walsh 1998).  Maternal effects were taken as the absolute value of the 
difference between dam and sire (|!2d - !2s|) to include negative maternal effect 
contributions to the overall variance.  Genetic architecture was inferred from the relative 
contributions of each effect to the total variance structure on a per gene basis.  
The salmonid life cycle promotes significant temporal and spatial genetic 
structure (Fraser et al. 2011).  Their patchy distribution among river systems with limited 
gene flow among populations is thought to promote trait differentiation via selection on a 
local scale (Garcia de Leaniz et al. 2007).  Therefore, I sought to determine if specific 
classes of genes could explain divergence among populations. Thus, if genes with 
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different functions consistently displayed different genetic architectures (i.e., different 
proportions of additive, non-additive and maternal effects) then the expression of those 
genes may reflect specific local adaptations.  I assessed this question by testing for 
differences in the proportion of variance explained by VA, VNA, and VM, individually, 
among the defined gene function classes using a Kruskal-Wallis analysis of variance by 
rank test.  I was also interested in the relative contributions of VA, VNA, and VM to total 
genetic architecture within the putative functional categories; in other words, I wanted to 
know which genetic components explained the most (or the least) amount of variation in 
transcription among populations for genes within different functional classes.  Thus, I 
tested for differences among VA, VNA, and VM for individual genes within each gene 
class also using a Kruskal-Wallis analysis of variance by rank.  In the event of a 
significant Kruskal-Wallis test (p<0.05), I identified significant pairwise differences 
using a non-parametric post-hoc test (Siegel & Castellan 1988). 
!
Results 
Transcriptional response to immune stimulation 
 
Vibrio anguillarum challenge had significant effects on gene expression 
(Appendix B).  Specifically, 65 of 367 transcripts had significant LRT contrasts (p<0.05) 
between maximum likelihood model fits with and without a fixed effect term for 
treatment (Appendix B).  Sixty-two of those 65 genes were significant after a Benjamini 
and Hochberg FDR correction (Benjamini & Hochberg 1995) to control for type I errors.  
Differentially expressed genes represented a variety of functional groups as per 
BLAST2GO analysis (Conesa et al. 2005) of selected cDNA sequences (data not shown) 
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including cell signaling, cell metabolism, cell localization and organization, 
developmental processes, immune system processes, response to stimulus, and biological 
regulation. 
Significant sources of variation 
 
Biological variance components were subtle compared to the residual error (Table 
2.2), however, the removal of technical sources of variation allowed the robust detection 
of significant sire, dam, and sire x dam interaction effects for multiple genes.  Based on 
LRT model contrasts, 120 and 105 genes had at least one significant sire, dam, or sire x 
dam interaction component for the control and immune stimulated treatment, respectively 
(Supplementary table 2.1).  Twenty-two genes in the fish under the control treatment and 
16 under the immune stimulation treatment had two significant variances components 
(Supplementary table 2.1, Figure 2.4A, 2.4B). Forty genes had significant variance 
components in both the control and immune stimulated treatments (Supplementary table 
2.1).  LRT model contrast significance results for sire, dam and sire x dam interaction 
terms were in close agreement with the significance identified using the distribution of 
1000 randomizations of the transcription data.  On average, 81% of significant effects 
identified by LRT were also significant in the randomization analysis (83%, 73% and 
97% for control sire, dam, and interaction effects, 70%, 73%, and 92% for immune 
stimulated, sire, dam and interaction effects, respectively).  The total number of 
significant effects using randomization analyses always exceeded the number of 
significant effects using LRT model contrasts, and therefore I concluded that LRT results 
were conservative and present those results, except for maternal effects where LRT could 
not be used to test significance (Bates 2010). 
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Sire x dam interaction effects (!2I) and maternal effects (|!2d - !2s|) were the most 
common significant biological variance components in my model for the control 
treatment data (67 and 68 genes respectively, Figure 2.4A), suggesting that widespread 
non-additivity (VNA) is a significant contributor to population differentiation.  The 
immune stimulated fish also displayed a substantial number significant non-additive and 
maternal effects, although not as many non-additive effects as the control treatment fish 
(35 and 69 genes for non-additive and maternal effects, respectively; Figure 2.4B).  A 
total of 10, 5 and 14 genes had significant sire, dam or interaction effects in both 
treatments (Supplementary table 2.1), respectively, indicative of some parallelism in gene 
transcription control between environmental regimes.  Dam (!2d) and sire (!2s) effects 
were significant for roughly the same number of genes in control (36 sire, 39 dam) and 
immune stimulated (38 sire, 42 dam) treatments, suggestive of additive genetic effects 
(VA) contributing to population divergence as well (Supplementary table 1).  Sixty-nine 
and 68 genes displayed significant maternal effects (VM) based on randomization of the 
difference between the dam and sire variance components (!2d - !2s) for the control and 
immune treatments, respectively (Figure 2.3), suggesting that population divergence also 
has a substantial maternal effect component.  Forty-eight percent (33 of 69) and 38 
percent (26 of 68) of significant maternal effects were negative for the control and 
immune treatments, respectively (Figure 2.3). 
Several genes displayed multiple significant genetic effects (Supplementary table 
2.3, Figure 2.4A, 2.4B).  Specifically, in the control treatment, 14 genes had significant 
maternal and additive effects, 9 genes had significant non-additive and additive effects, 6 
genes had significant maternal and non-additive effects, and 8 genes had significant 
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additive, non-additive and maternal effects (Figure 2.4A).  In the immune treatment, 18 
genes had significant additive and maternal effects, 8 genes had significant additive and 
non-additive effects, 2 genes had significant non-additive and maternal effects, and four 
genes had significant additive, maternal, and non-additive effects (Figure 2.4B).  These 
results point to complex interactions of gene transcription regulation mechanisms making 
up the genetic architecture of many genes.  However, some genes displayed significant 
effects that explained most of the biological variance (Figure 2.4C). For example, many 
genes displayed significant non-additive effects (VNA) that explained 100% of the 
biological variance (33 and 17 genes in the control and immune stimulated fish 
respectively, Figure 2.4C).  This highlights the large role of non-additive genetic effects 
contributing to population divergence for a surprising number of genes.  However, the 
biological variation explained by maternal effects was high; >50% of the variance was 
explained by maternal effects for 30 and 27 genes in the control the immune treatments 
respectively (Supplementary table 2.3, Figure 2.4 C).  The magnitude of significant 
additive (VA) variance effects were the least variable relative to the other two effects, 
explaining approximately 20% to 100% of the biological variation in the control 
treatment, and 40% to 100% of the biological variation in the immune treatment (Figure 
2.4C). Significant non-additive effect sizes (VNA) were intermediately variable, although 
they tended to explain higher amounts of the variation relative to additive and maternal 
effects (Figure 2.4C).  
I used a Kruskal-Wallis test to identify differences in the distribution of the 
biological variance effects among gene classes.  Interestingly, there were no significant 
differences in the average magnitude of VA, VNA or VM among the 11 putative gene 
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function classes (Table 2.3) indicating that the magnitudes of additive, non-additive, and 
maternal effects were roughly equal for the groups of genes despite having widely 
different function.  I also used a Kruskal-Wallis to test for the relative contribution of VA, 
VNA and VM within the 11 putative function categories.  My analysis revealed several 
significant differences among additive, non-additive, and maternal contributions to gene 
expression within gene classes (Table 2.3).  For example, genes related to protein 
catabolism and metabolism had significant differences among the genetic contributions to 
transcription in the control treatment, while genes related to immune and endocrine 
function had significant differences among the genetic contributions to transcription in 
both treatments.  Post-hoc testing revealed the source of the differentiation (i.e. VA versus 
VNA; VA versus VM; or VNA versus VM); most significant differences stemmed from 
contrasts that included non-additive (VNA) effects (Table 2.3).  This further suggests that 
non-additive genetic effects are substantial sources of gene expression divergence for the 
study populations, although additive genetic effects also contribute significantly to 
transcriptional architecture for many gene classes (Table 2.3).  The genetic architecture 
for several functional categories displayed no significant differences under both the 
control and immune treatments  (Table 2.3): cell organization, cell regulation, cell 
signaling, coagulation, development, cell stress, and transport displayed no significant 
differences among effects.  However, for the control treatment, immune, metabolism, 
protein catabolism and endocrinology genes all had significant VA versus VNA 
differences.  In the immune treatment, immune genes had significant VA versus VNA 
differences, and endocrine genes had significant VA versus VNA and VA versus VM 
differences (Table 2.3). 
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Discussion 
 
The differences in transcriptional architecture among the four Chinook 
populations reported here are likely primarily due to underlying genetic factors rather 
than physiological or environmental effects as the fish were reared in a common 
environment from fertilization.  My results are consistent with population genetic 
differentiation shown using neutral genetic markers in Chinook salmon (Oncorhynchus 
tshawytscha, Beacham et al. 2006; Evans et al. 2010).  Indeed, many aspects of salmonid 
life history, as well as a large body of empirical evidence (Taylor 1991; Fraser et al. 
2011) suggest that salmon populations are likely locally adapted (Garcia de Leaniz et al. 
2007).  Local adaptation may provide an explanation for the widespread among-
population transcriptional variation described here; however, my study was not designed 
to demonstrate that adaptation is driving divergence in transcription.  Rather I sought to 
estimate the genetic contributions to the variation displayed among populations.  My 
factorial quantitative genetic breeding design allowed me to partition the additive, non-
additive, and maternal components of variation, revealing that all three effects contribute 
to the transcriptional divergence among the populations studied.  Clearly, the genetic 
architecture for local divergence in transcriptional traits is complex, quite possibly due to 
the fact that adaptation on a local scale must occur quickly across a diversity of changing 
environments leading to a variety of regulatory mechanisms. 
Additive genetic variation is often the focus of quantitative genetic analyses since 
it is a prerequisite for a classical evolutionary response to selection (Kruuk & Hadfield 
2007).  Following Fisher’s fundamental theorem (Fisher 1958), additive genetic effects 
are routinely exploited in animal breeding (Wilson et al. 2010), as they provide a 
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predictable phenotypic outcome in the offspring.  My results indicate that the among-
population variation in transcription present at many gene loci (selected to be of 
evolutionary relevance) is at least partially due to additive genetic effects, and therefore 
those genes may provide a framework for future evolution of gene expression.  However, 
my study also showed that non-additive genetic effects substantially contributed to the 
genetic architecture of many of the gene transcription profiles, as very few genes varied 
solely due to additive genetic variance (i.e., 100%).  Indeed, the occurrence of significant 
non-additive genetic effects was approximately equal or more frequent than additive 
genetic effects in both treatments, and generally explained a larger component of the 
biological variation, relative to other effects.  Some of this variation is likely due to the 
epistatic nature of gene expression (Wray et al. 2003; Gibson et al. 2004); however, the 
sharp contrast between the high numbers of significant non-additive effects in the control 
treatment relative to the immune treatment raises the question as to how or why these 
populations show reduced non-additive genetic variation under stressed conditions.   
Given that environmental stress intuitively suggests an elevation in phenotypic 
variation, a reduction in significant non-additive effects implies the complete opposite 
effect, namely, canalization of mRNA expression.  A possible explanation for this may be 
that disease challenge induces separate transcriptional networks that are regulated by 
different genetic elements (with different architecture).  Natural salmon populations are 
subject to a diversity of pathogens in their lifetime (including both freshwater and 
seawater pathogen communities), and it is generally thought that resistance to disease 
provides a strong basis for local adaptation (Taylor 1991; Garcia de Leaniz et al. 2007).  
Therefore, it could be argued that the regulatory elements of pathogen-induced 
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transcription are highly adapted, and hence variation among populations would be 
expected to follow an additive rather than non-additive framework.  My study focuses on 
among-population, rather than within-population, genetic variances, thus although the 
expectation is for classical natural selection to reduce additive genetic variance within 
populations, the expectation is the opposite for among-population additive genetic 
variance.   The discrepancy in the prevalence of non-additive genetic variance effects 
between the two treatments may be also explained by the effects of stress on 
transcriptional networks.  It has recently been suggested that environmental perturbation 
may decrease phenotypic variation in outbred populations by rendering genetic 
incompatibilities between transcription factors and their binding sites less discernable due 
to changes in transcription factor concentrations in the cell (Oleksiak & Crawford 2012).  
Thus, non-additive genetic variation may be “hidden” in the immune treatment due to an 
abundance of transcription factors effectively forcing the expression of many genes and 
therefore decreasing the variation in mRNA levels among individuals.  Nonetheless, non-
additive genetic effects are increasingly acknowledged as significant sources of 
phenotypic variation in salmon (Pante et al. 2002; Pitcher & Neff 2006; Roberge et al. 
2008; Aykanat et al. 2012; Aykanat, Heath, et al. 2012), which is in contradiction with 
quantitative genetic theory predictions for populations experiencing rapid evolution 
(Garcia de Leaniz et al. 2007).  Indeed, the evolution of transcription may be a special 
case given that selection acting on standing allelic variation, with an assumption of little 
or no dominance or epistasis, is an unlikely scenario for transcription regulation due to 
the complexity of transcription in general (Wray et al. 2003).  Non-additive 
transcriptional variation may serve to buffer an organism’s genetic variation against loss 
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by selection, effectively maintaining evolutionary potential (Hedgecock et al. 2007; 
Aykanat et al. 2011). This would also serve to maintain plasticity of gene expression in 
response to environmental change, a well known attribute of gene transcription in general 
(Gasch et al. 2000). 
It has been suggested that the stochastic nature of gene expression is the product 
of neutral variation (genetic drift) rather then natural selection (Khaitovich et al. 2004).  
Furthermore, the evolutionary importance of transcriptional variation is actively debated 
due to the number of studies demonstrating poor correlations between mRNA levels and 
protein concentrations (Abreu et al. 2009; Maier et al. 2009).  However, a significant 
shortfall of those studies is the fact that mRNA and protein levels were measured in 
separate lab protocols, typically at different times, in different laboratories, and hence 
low correlations may likely be an artifact of high technical variance (Schwanhaeusser et 
al. 2011).  However, recent studies employing parallel estimates of transcript and protein 
abundance have shown that mRNAs and proteins are generally correlated 
(Schwanhaeusser et al. 2011).  Indeed, it is difficult to reconcile that evolution would not 
shape stringent mechanisms to govern the first step of the information flux from genetic 
code to physiological process (i.e. transcription).  Changes in transcriptional regulation 
should underlie significant components of the genetic basis for evolutionary change 
(Wray et al. 2003), and as my results demonstrate, transcriptional variation among 
isolated salmon populations is primarily driven by non-additive genetic and maternal 
effects, hence the paradigm of evolution by section on additive genetic variation may 
need to be reevaluated for sub-cellular phenotypic variation. 
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My analyses also showed surprisingly high maternal effect contributions to 
transcriptional divergence among the study populations, especially given that the 
offspring were 7-months past fertilization and maternal effects usually decrease rapidly 
with time past embryo incubation (Heath et al. 1999).  Despite their importance for early-
life stage survival, maternal effects have been historically disregarded in quantitative 
genetic studies (Heath & Blouw 1998) as they are considered a special case of 
environmental variance (Raesaenen & Kruuk 2007).  However, the fact that maternal 
effects can generate extremely rapid “inherited” phenotypic change implies that they 
could contribute meaningfully to adaptation and evolution, although in a non-traditional 
fashion (Raesaenen & Kruuk 2007).  Chinook salmon are well-known for their high 
maternal effect contributions to early offspring phenotypes, such as body size, growth 
rate and survival (Heath & Blouw 1998; Heath et al. 1999; Aykanat et al. 2012), and 
hence they have the potential for maternal effect-mediated evolution.  For example, egg 
size – which is highly dependent on maternal provisioning (Heath et al. 2003) – tends to 
influence embryo size, which may provide an adaptive advantage if early life stage food 
sources were limited.  The sizeable maternal effects on transcription shown here 
represent among-population variation in maternal environment effects.  However, 
maternal environment effects are expected to dissipate as the fish grow older (Heath et al. 
1999; Aykanat et al. 2012), which makes the abundance of maternal effects curious given 
that the fish were sampled some 130 days after the depletion of maternal provisioning.  
Therefore, it may be that the maternal effects I detected reflect maternal genetic effects, 
such as sex-linkage, imprinting, mitochondrial inheritance, or other types of maternally-
driven epigenetic effects (Raesaenen & Kruuk 2007).  Indeed, evidence is accumulating 
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that a variety of maternal effects across taxa have a heritable genetic basis (Mousseau & 
Fox 1998; Raesaenen & Kruuk 2007), and thus geographic variation in maternal effects 
across heterogeneous environments such as those inhabited by salmon could promote 
local adaptation and speciation (Heath & Blouw 1998; Raesaenen & Kruuk 2007).   
Finally, my analysis also revealed that a substantial portion of significant maternal 
effects were negative (48% and 38% of significant maternal effects were negative for the 
control and immune treatment respectively).  Negative maternal effects are not expected 
under classical quantitative genetic theory, although empirical evidence is accumulating 
that they do occur in natural systems (Janssen et al. 1988; Heath et al. 1999; Raesaenen 
& Kruuk 2007; Hoyle & Ezard 2012).  However, the interpretation of negative maternal 
effects is difficult in this context for two reasons: First, the genetic architecture of 
transcription is highly non-additive in salmon (Roberge et al. 2008; Bougas et al. 2010; 
Aykanat et al. 2011; Aykanat et al. 2012), and hence unlikely to produce predictable 
transcription levels through generations for any given gene.  Second, the maternal effects 
I demonstrate here represent among- rather than within-population effects, an application 
of quantitative genetic theory that is only now emerging and is poorly understood 
(Raesaenen & Kruuk 2007; Aykanat et al. 2012).  Nevertheless, significant negative 
maternal effects may reflect maternal compensation mechanisms that serve to buffer 
transcriptional variation among isolated populations, perhaps via genetic imprinting or 
other epigenetic effects, that influence pre-programmed transcription levels. Indeed, 
negative maternal effects only occurred for genes and treatments where additive genetic 
variation was high.  Thus, the transcription of those genes have a high potential for 
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adaptation, and hence co-adaptation of maternal compensation mechanisms is at least 
possible. 
The distribution of individual genetic effects (i.e. VA, VNA or VM) among 
functional gene classes was fairly even, indicating that the genetic architecture of 
population divergence in salmon is likely distributed across the functional genome.  This 
is perhaps expected, as we know that the expression of different genes with highly 
divergent biological functions can be regulated by common transcriptional control 
networks, or at least share molecular pathways (Lee et al. 2002).  It is thus reasonable to 
expect that transcriptional evolution should affect genetic variance components (VA, VNA 
and VM) across gene function classes, which would contribute to the observed lack of 
differences in the distribution of the three variance components among gene the classes 
shown here.  This may also explain why many studies show only subtle physiological or 
gene expression differences among salmon populations (Fraser et al. 2011), despite 
strong population structure (Beacham et al. 2006).  However, individual genes within 
some functional gene classes did differ in the relative size of the three variance 
components, indicative of gene-specific architecture within a functional group.  This lack 
of agreement in the genetic architecture within a class may represent the fact that 
individual genes experience different transcriptional regulation, perhaps due to the 
differences in timing and expression of specific physiological functions (this variation 
within functional gene classes would also serve to reduce my ability to detect among-
class differences).  Thus, although no clear functional pattern emerges across classes, 
specific genes do show very specific genetic architecture, perhaps reflecting differences 
in their function and hence past selection on individual gene transcriptional regulation 
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mechanisms.  For example, many genes with large maternal effect estimates, including 
high choriolytic enzyme precursor 1, melanin concentrating hormone 2, insulin-like 
growth factor binding protein-1, catalase A, and natural killer cell enhancement factor 
have functions relevant to egg and fry development and stress response.  Likewise, 
among-population transcriptional variation with large additive genetic effect components 
was due to genes relevant to disease resistance, such as C-reactive protein, 
metallothionein-A , major histocompatibility complex II!, and pigment epithelium-
derived factor.  Finally, many genes with large non-additive effects were involved in 
extensive signaling pathways likely to be under epistatic control, such as activation of 
immunity (i.e. toll-like receptor 1, interferon gamma 2, complement component 3) or 
regulation of metabolism (e.g. glucocorticoid receptor, insulin receptor A).  Other such 
patterns may emerge depending on the focus and specific interest of the reader; a table of 
all the genes surveyed and their corresponding effect sizes can be found in the supporting 
materials (Supplementary table 2.2). 
Common-garden, reciprocal transplant, and translocation experiments, combined 
with controlled breeding experiments, are the most effective methods for demonstrating 
genetic contributions to population differences (Fraser et al. 2011).  The power to 
accurately estimate the additive genetic basis of population differentiation increases with 
multiple generations of common rearing (Aykanat et al. 2012) – which I do not employ 
here.  Nevertheless, my replicated half-sib North Carolina-II breeding design allowed me 
to quantitatively partition the biologically relevant variance into additive genetic, non-
additive genetic and maternal effects, and I do not expect my estimates of the additive 
genetic variance component to transcription to be confounded with non-additive effects, 
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or vice-versa.  Separating the genetic and maternal environment components from my 
maternal effect estimates, however, remains challenging under a single generation 
breeding design.  Still, the functions of the genes with large maternal effects are generally 
related to fry growth and survival, and therefore I argue that my maternal effects results 
reflect an unexpected role for maternal effects in the mechanistic basis of population 
differentiation in Chinook salmon – an outcome already described for physiological, 
growth, and survival traits at early developmental stages in Chinook salmon (Aykanat et 
al. 2012). 
This study is the first to implement a broad-scale transcriptomic analysis 
specifically designed to quantitatively partition the genetic variance underlying 
population differentiation in gene expression of fish.  My study included more than 190 
arrays and 360 individual fish, making it, to my knowledge, one of the most extensive 
such analyses in the literature. Non-additive transcription variance components were 
substantial, highlighting the need for more complex models of evolution that 
acknowledge non-additive genetic architecture as a factor associated with population 
divergence that can potentially contribute to local adaptation. Finally, my work 
underscores the likelihood of unpredictable effects on transcriptional profiles when fish 
from divergent populations are hybridized, such as might result from transferring salmon 
or gametes from one population to another for conservation or management purposes 
(Aykanat et al. 2012). Specifically, if the genetic architecture of fitness-related genes is 
the result of adaptation to local environmental conditions, hybrid genotypes may display 
maladaptive expression levels leading to hybrid breakdown and may provide a specific 
mechanism for the often-cited outbreeding depression that is expected to result from 
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hybridization among salmon populations.  My genetic architecture analysis contributes 
significantly to our understanding of the genetic mechanisms of population divergence 
and hence will help shape management options for the future conservation of 
biodiversity. 
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Table 2.1: Replicate 4x4 Chinook salmon (Oncorhynchus tshawytscha) North Caroline II 
breeding design.  Sixteen juvenile Chinook families were created from parents sampled 
from four distinct wild populations:  HR: Harrison River, QN: Quinsam River, BQ: Big 
Qualicum River, and RC: Robertson Creek. Numbers indicate samples size for control 
(normal font) and immune stimulated (bold font after slash) juvenile tissues analyzed.  
Data shown reflect the total number of samples collected over four replicate rearing 
troughs. 
  ! 
"  
 
HR QN BQ RC 
HR 12/12 11/12 10/12 12/12 
QN 12/12 11/12 12/12 9/12 
BQ 12/11 11/12 10/12 12/10 
RC 11/11 12/12 12/12 12/12 
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Table 2.2:  Mean genetic variance components partitioned from microarray data generated from juvenile Chinook salmon gill 
transcription under control (at rest) and immune stimulated treatments.  Variance estimates are shown as the mean for the 367 genes 
surveyed, with the range shown in brackets.  Technical variance due to replicate slide, block, spot, and dye-color of the microarray has 
been summed for simplicity (!2M), while variance associated with the replicate troughs is designated as !2R. 
 Sire Dam Sire x Dam Residual Microarray Replicate 
  (!2s) (!2d) (!2I) (!2e) (!2M) (!2R) 
Control 
0.20 0.17 0.51 40.65 44.47 14.00 
(0-2.92)  (0-2.36)  (0-2.99)  (7.67-80.84)  (10.46-85.52)  (0-45.22) 
Immune 
0.20 0.21 0.42 42.03 43.89 13.24 
 (0-3.33)  (0-2.64)  (0-2.92)  (11.87-76.72)  (15.65-85.44)  (0-46.54) 
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Table 2.3:  Magnitudes of additive (VA), non-additive (VNA), and maternal (VM) effects 
on the transcriptional variance structure according to gene function classes.  Median 
effect sizes (shown as a percentage of the total) are shown in brackets, with superscripts 
highlighting pairwise differences within functional classes and treatment.
Gene class (n) 
  Control   Immune 
  P value Post-hoc*   P value Post-hoc* 
Cell organisation (25) 
  
0.15 
VA (49)a   
0.72 
VA (19)a 
 VNA (22)a  VNA (38)a 
  VM (16)a   VM (19)a 
Cell regulation (55) 
  
0.87 
VA (0)a   
0.78 
VA (58)a 
 VNA (20)a  VNA (15)a 
  VM (17)a   VM (17)a 
Cell signaling (10) 
  
0.71 
VA (37)a   
0.98 
VA (8)a 
 VNA (11)a  VNA (16)a 
  VM (17)a   VM (3)a 
Coagulation (6) 
  
0.81 
VA (46)a   
0.74 
VA (47)a 
 VNA (10)a  VNA (41)a 
  VM (17)a   VM (11)a 
Development (5) 
  
0.29 
VA (0)a   
0.88 
VA (15)a 
 VNA (0)a  VNA (20)a 
  VM (20)a   VM (14)a 
Endocrine (17) 
  
0.03 
VA (0)a   
0.0001 
VA (0)a 
 VNA (72)b  VNA (46)b 
  VM (13)ab   VM (25)b 
Immune (64) 
  
0.0002 
VA (0)a   
0.016 
VA (0)a 
 VNA (42)b  VNA (37)b 
  VM (16)ab   VM (18)ab 
Metabolism (106) 
  
0.001 
VA (0)a   
0.53 
VA (3)a 
 VNA (31)b  VNA (25)a 
  VM (14)ab   VM (17)a 
Protein catabolism (15) 
  
0.01 
VA (0)a   
0.11 
VA (24)a 
 VNA (97)b  VNA (0)a 
  VM (3)ab   VM (27)a 
Stress (50) 
  
0.62 
VA (0)a   
0.44 
VA (24)a 
 VNA (21)a  VNA (0)a 
  VM (14)a   VM (20)a 
Transport (19) 
 
0.33 
VA (0)a  
0.73 
VA (63)a 
 VNA (78)a  VNA (6)a 
  VM (5)a   VM (17)a 
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Figure 2.1:  Map of British Columbia (Canada) showing the locations of the wild Chinook salmon populations used for the breeding 
experiment.  Gametes from 4 males and 4 females from Harrison River (HR), Quinsam River (QN), Big Qualicum River (QN), 
Robertson Creek (RC).
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Figure 2.2: Frequency histograms of biologically relevant variance components for transcription across all 367 genes surveyed.  
Control and immune stimulated treatments are shown in panels A and B, respectively.  Dam (!2d), sire (!2s), and dam x sire 
interaction (!2I) components are shown as a proportion of the total variation (!2T = !2d + !2s + !2I + !2e) with technical variance (due 
to the microarray) removed.
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Figure 2.3: Frequency histograms of maternal effect sizes (VM) for gene transcription in 
Chinook salmon (Oncorhynchus tshawytscha) under two environmental regimes (control 
and immune treatments, left and right panels respectively).  Numbers above bars indicate 
the number of significant maternal effects per bin.
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Figure 2.4:  Overlap and frequency distribution of the significant additive (VA), non-additive (VNA), and maternal (VM) effects in 
Chinook salmon transcription at 367 genes assayed by microarray.  A: Euler diagrams displaying the number of significant genes per 
effect and the number of genes that overlap among effects for the control treatment.  B: Same as A but for the immune treatment.  C: 
Frequency histograms of the magnitude of each significant effect represented as the percentage of the total biological variation (Total 
= VA + VNA + VM) in transcription for the control (left panel) and immune treatments (right panel).! !
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Supplementary table 2.1: Dam (!2d), sire (!2s), and dam x sire interaction (!2I) variance components of 
microarray data generated for individual genes from Chinook salmon control and immune stimulated gill 
tissues. Genes corresponding to Heathlab codes can be found in Appendix A.  Fish were bred in a 
replicated North Carolina II breeding design and sampled seven months after fertilization.  Significant 
effects (log ratio test, p<0.05) are shown in bold. The total phenotypic variation is shown as the sum of 
biological variation (!2T = !2d + !2s + !2I + !2e).  Variance estimates for genes with at least one significant 
effect term are shown.   
Heathlab 
gene code Treatment !
2
d !2s !2I !2e !2T 
HEATH012 
Control 0.00085 <0.0001 0.011 0.17 0.18 
Immune 0.006 0.00062 <0.0001 0.21 0.21 
HEATH017 
Control <0.0001 0.03 0.014 0.17 0.21 
Immune 0.011 0.012 0.009 0.19 0.22 
HEATH032 
Control <0.0001 <0.0001 0.015 0.17 0.19 
Immune 0.002 0.012 0.0003 0.33 0.34 
HEATH035 
Control 0.001 0.014 0.011 0.28 0.3 
Immune 0.0091 0.0071 0.016 0.26 0.29 
HEATH053 
Control 0.0083 0.0018 <0.0001 0.16 0.17 
Immune <0.0001 <0.0001 0.0063 0.19 0.2 
HEATH058 
Control <0.0001 <0.0001 0.028 0.47 0.5 
Immune <0.0001 0.003 0.0085 0.24 0.25 
HEATH059 
Control 0.0021 <0.0001 0.0077 0.23 0.24 
Immune 0.0098 <0.0001 <0.0001 0.2 0.21 
HEATH072 
Control <0.0001 <0.0001 0.012 0.18 0.2 
Immune <0.0001 0.00032 0.0056 0.18 0.19 
HEATH080 
Control <0.0001 0.016 0.021 0.26 0.3 
Immune <0.0001 <0.0001 0.022 0.27 0.29 
HEATH081 
Control <0.0001 0.0057 0.0044 0.15 0.16 
Immune 0.00092 <0.0001 0.013 0.23 0.25 
HEATH083 
Control <0.0001 <0.0001 0.011 0.18 0.19 
Immune 0.0044 0.0016 0.0012 0.2 0.21 
HEATH087 
Control <0.0001 0.0057 0.032 0.18 0.22 
Immune 0.0057 0.0068 0.0053 0.22 0.23 
HEATH093 
Control 0.0027 <0.0001 0.0063 0.2 0.21 
Immune <0.0001 0.0069 0.0027 0.21 0.22 
HEATH116 
Control <0.0001 0.013 0.021 0.38 0.42 
Immune 0.011 0.0078 0.0046 0.26 0.28 
HEATH122 
Control <0.0001 <0.0001 0.021 0.32 0.34 
Immune <0.0001 0.0057 0.01 0.19 0.2 
HEATH123 Control <0.0001 <0.0001 0.021 0.27 0.29 
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Immune <0.0001 0.013 0.031 0.32 0.36 
HEATH130 
Control 0.0072 <0.0001 0.0071 0.19 0.2 
Immune 0.012 <0.0001 <0.0001 0.26 0.27 
HEATH149 
Control <0.0001 0.00061 0.015 0.25 0.26 
Immune 0.0052 0.00049 0.0028 0.23 0.24 
HEATH187 
Control <0.0001 <0.0001 0.014 0.26 0.28 
Immune 0.0052 0.001 0.0088 0.29 0.31 
HEATH188 
Control <0.0001 0.014 0.0086 0.26 0.28 
Immune 0.014 <0.0001 0.0026 0.24 0.26 
HEATH192 
Control <0.0001 <0.0001 0.013 0.28 0.29 
Immune <0.0001 0.0066 0.032 0.2 0.23 
HEATH198 
Control <0.0001 0.0029 0.012 0.25 0.26 
Immune 0.0032 0.0039 0.012 0.28 0.3 
HEATH199 
Control <0.0001 0.013 0.016 0.25 0.28 
Immune 0.013 0.0047 0.00026 0.19 0.21 
HEATH210 
Control <0.0001 0.00038 0.027 0.17 0.19 
Immune <0.0001 0.0053 0.00062 0.24 0.24 
HEATH215 
Control 0.004 <0.0001 0.0078 0.2 0.21 
Immune 0.0048 <0.0001 0.0081 0.22 0.23 
HEATH234 
Control 0.0056 <0.0001 0.022 0.33 0.36 
Immune <0.0001 0.0047 0.0034 0.17 0.18 
HEATH236 
Control <0.0001 0.0045 0.0044 0.2 0.21 
Immune <0.0001 <0.0001 0.011 0.2 0.21 
HEATH250 
Control <0.0001 0.029 0.019 0.42 0.47 
Immune 0.0081 0.00079 0.023 0.26 0.29 
HEATH266 
Control <0.0001 <0.0001 0.0084 0.19 0.2 
Immune <0.0001 <0.0001 0.011 0.19 0.2 
HEATH268 
Control <0.0001 0.0012 0.0067 0.22 0.23 
Immune 0.0024 <0.0001 0.011 0.23 0.24 
HEATH275 
Control <0.0001 <0.0001 0.0086 0.23 0.24 
Immune 0.0045 <0.0001 <0.0001 0.18 0.18 
HEATH283 
Control <0.0001 0.0092 0.01 0.17 0.19 
Immune 0.00057 0.0078 0.00055 0.19 0.2 
HEATH284 
Control 0.0088 <0.0001 0.026 0.25 0.28 
Immune <0.0001 0.0016 0.0055 0.12 0.13 
HEATH287 
Control 0.017 0.021 0.0083 0.34 0.39 
Immune 0.019 0.025 0.018 0.33 0.39 
HEATH307 
Control <0.0001 <0.0001 0.014 0.19 0.2 
Immune <0.0001 <0.0001 0.016 0.23 0.24 
HEATH327 Control <0.0001 0.00065 0.012 0.22 0.23 
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Immune <0.0001 0.0019 0.011 0.23 0.24 
HEATH352 
Control 0.0099 <0.0001 0.048 0.3 0.36 
Immune <0.0001 0.0076 0.0084 0.18 0.2 
HEATH365 
Control 0.0043 <0.0001 0.0066 0.21 0.22 
Immune 0.0026 0.0043 <0.0001 0.22 0.23 
HEATH366 
Control 0.0021 0.0046 0.0024 0.21 0.22 
Immune <0.0001 <0.0001 0.0089 0.19 0.2 
HEATH372 
Control 0.0063 <0.0001 0.0039 0.25 0.26 
Immune 0.0059 <0.0001 <0.0001 0.27 0.28 
HEATH015 Control <0.0001 <0.0001 0.007 0.16 0.17 
HEATH016 Control <0.0001 0.0053 0.0025 0.18 0.18 
HEATH028 Control <0.0001 <0.0001 0.018 0.16 0.18 
HEATH060 Control <0.0001 0.005 0.014 0.21 0.23 
HEATH070 Control <0.0001 0.0063 0.0098 0.2 0.22 
HEATH073 Control <0.0001 <0.0001 0.0093 0.14 0.15 
HEATH101 Control <0.0001 <0.0001 0.021 0.24 0.26 
HEATH110 Control <0.0001 <0.0001 0.015 0.21 0.22 
HEATH127 Control <0.0001 <0.0001 0.0093 0.2 0.21 
HEATH144 Control <0.0001 <0.0001 0.013 0.17 0.18 
HEATH166 Control <0.0001 0.0065 <0.0001 0.16 0.17 
HEATH185 Control <0.0001 0.0057 0.0025 0.23 0.24 
HEATH193 Control <0.0001 0.0027 0.014 0.15 0.17 
HEATH202 Control <0.0001 <0.0001 0.022 0.25 0.27 
HEATH213 Control <0.0001 <0.0001 0.01 0.2 0.21 
HEATH216 Control <0.0001 0.0015 0.014 0.32 0.34 
HEATH237 Control <0.0001 0.011 <0.0001 0.23 0.24 
HEATH248 Control <0.0001 <0.0001 0.0079 0.25 0.26 
HEATH252 Control <0.0001 <0.0001 0.017 0.29 0.31 
HEATH272 Control <0.0001 <0.0001 0.013 0.28 0.29 
HEATH286 Control <0.0001 <0.0001 0.0074 0.19 0.2 
HEATH294 Control <0.0001 <0.0001 0.0083 0.2 0.21 
HEATH300 Control <0.0001 0.0054 <0.0001 0.15 0.15 
HEATH304 Control <0.0001 0.0042 0.0029 0.2 0.21 
HEATH314 Control <0.0001 0.0076 0.0016 0.32 0.33 
HEATH337 Control <0.0001 0.00085 0.0068 0.18 0.19 
HEATH347 Control <0.0001 <0.0001 0.007 0.19 0.19 
HEATH358 Control <0.0001 0.013 <0.0001 0.33 0.35 
HEATH224 Control <0.0001 0.005 0.0096 0.22 0.23 
HEATH350 Control <0.0001 <0.0001 0.01 0.19 0.2 
HEATH326 Control <0.0001 0.0045 0.0034 0.17 0.18 
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HEATH024 Control <0.0001 0.0044 <0.0001 0.2 0.2 
HEATH227 Control <0.0001 <0.0001 0.0072 0.28 0.28 
HEATH231 Control <0.0001 <0.0001 0.0081 0.23 0.24 
HEATH152 Control <0.0001 0.003 0.0018 0.16 0.17 
HEATH037 Control <0.0001 <0.0001 0.0078 0.29 0.29 
HEATH346 Control <0.0001 <0.0001 0.0079 0.16 0.16 
HEATH174 Control <0.0001 <0.0001 0.028 0.21 0.24 
HEATH065 Control 0.0003 0.0068 <0.0001 0.15 0.16 
HEATH206 Control 0.00049 <0.0001 0.011 0.19 0.2 
HEATH159 Control 0.00054 <0.0001 0.0063 0.17 0.18 
HEATH364 Control 0.00074 0.0034 0.0029 0.16 0.17 
HEATH092 Control 0.0013 <0.0001 0.0061 0.15 0.16 
HEATH063 Control 0.0013 <0.0001 0.008 0.27 0.28 
HEATH158 Control 0.0013 0.0051 <0.0001 0.16 0.17 
HEATH207 Control 0.0013 <0.0001 0.0095 0.22 0.23 
HEATH225 Control 0.0018 0.0055 0.012 0.34 0.36 
HEATH291 Control 0.0022 0.0047 0.0045 0.16 0.17 
HEATH160 Control 0.0027 <0.0001 0.011 0.19 0.2 
HEATH014 Control 0.0027 0.0044 0.0098 0.18 0.2 
HEATH031 Control 0.0029 <0.0001 0.0064 0.19 0.2 
HEATH363 Control 0.003 0.00053 <0.0001 0.15 0.15 
HEATH097 Control 0.0038 0.0054 <0.0001 0.21 0.22 
HEATH039 Control 0.0039 0.00047 <0.0001 0.21 0.21 
HEATH281 Control 0.0039 0.00043 0.00074 0.19 0.2 
HEATH230 Control 0.0043 <0.0001 <0.0001 0.18 0.18 
HEATH301 Control 0.0045 0.0029 0.00072 0.24 0.24 
HEATH235 Control 0.0046 0.00059 <0.0001 0.18 0.18 
HEATH050 Control 0.0047 0.00016 <0.0001 0.22 0.23 
HEATH125 Control 0.0047 <0.0001 <0.0001 0.3 0.31 
HEATH355 Control 0.0049 0.00061 0.018 0.16 0.19 
HEATH233 Control 0.0051 0.00039 0.0051 0.19 0.2 
HEATH172 Control 0.0055 0.0047 0.0062 0.19 0.21 
HEATH261 Control 0.0061 0.00025 <0.0001 0.21 0.22 
HEATH243 Control 0.0061 <0.0001 0.0099 0.29 0.31 
HEATH132 Control 0.0063 <0.0001 <0.0001 0.2 0.21 
HEATH099 Control 0.0064 <0.0001 <0.0001 0.22 0.23 
HEATH069 Control 0.0075 <0.0001 <0.0001 0.18 0.19 
HEATH323 Control 0.0077 0.0041 0.0013 0.18 0.2 
HEATH247 Control 0.0094 <0.0001 <0.0001 0.25 0.25 
HEATH200 Control 0.016 0.0043 <0.0001 0.24 0.26 
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HEATH021 Immune 0.0082 0.0039 0.0011 0.22 0.23 
HEATH098 Immune 0.0029 <0.0001 0.0085 0.17 0.18 
HEATH181 Immune <0.0001 0.0056 0.0076 0.2 0.22 
HEATH201 Immune 0.0054 <0.0001 0.0094 0.21 0.22 
HEATH246 Immune 0.0015 <0.0001 0.012 0.22 0.23 
HEATH280 Immune 0.0021 <0.0001 0.0094 0.19 0.2 
HEATH321 Immune <0.0001 0.0082 0.011 0.19 0.21 
HEATH010 Immune 0.0096 <0.0001 0.003 0.22 0.24 
HEATH034 Immune <0.0001 <0.0001 0.018 0.26 0.28 
HEATH044 Immune <0.0001 0.0026 0.0073 0.22 0.23 
HEATH049 Immune 0.002 0.0036 0.0045 0.22 0.23 
HEATH052 Immune 0.0021 0.0066 <0.0001 0.28 0.29 
HEATH071 Immune 0.0061 <0.0001 <0.0001 0.19 0.2 
HEATH086 Immune <0.0001 0.0059 0.003 0.22 0.23 
HEATH107 Immune 0.014 0.0013 0.0038 0.2 0.21 
HEATH126 Immune <0.0001 <0.0001 0.013 0.25 0.26 
HEATH133 Immune 0.0032 0.0039 0.0087 0.24 0.26 
HEATH136 Immune 0.0044 <0.0001 0.007 0.21 0.22 
HEATH142 Immune 0.0013 0.0035 <0.0001 0.16 0.17 
HEATH145 Immune 0.0056 <0.0001 0.0023 0.2 0.21 
HEATH150 Immune 0.0013 0.0088 0.0026 0.18 0.19 
HEATH153 Immune 0.0029 <0.0001 0.0071 0.22 0.23 
HEATH170 Immune 0.00046 0.0045 <0.0001 0.19 0.2 
HEATH173 Immune <0.0001 <0.0001 0.0085 0.19 0.2 
HEATH176 Immune <0.0001 <0.0001 0.0093 0.19 0.2 
HEATH178 Immune 0.0049 0.0018 <0.0001 0.21 0.22 
HEATH180 Immune 0.0052 0.00045 <0.0001 0.19 0.19 
HEATH190 Immune <0.0001 0.005 0.0062 0.19 0.21 
HEATH205 Immune 0.0032 <0.0001 0.0047 0.2 0.2 
HEATH212 Immune <0.0001 0.0004 0.011 0.22 0.23 
HEATH217 Immune 0.003 <0.0001 0.0032 0.19 0.19 
HEATH223 Immune 0.00059 0.0085 0.0064 0.21 0.23 
HEATH249 Immune 0.0076 <0.0001 <0.0001 0.27 0.28 
HEATH256 Immune <0.0001 0.012 <0.0001 0.21 0.22 
HEATH257 Immune <0.0001 <0.0001 0.0069 0.25 0.25 
HEATH262 Immune 0.00028 0.0042 <0.0001 0.2 0.21 
HEATH265 Immune <0.0001 0.0052 0.00012 0.23 0.24 
HEATH267 Immune <0.0001 0.0064 0.0012 0.16 0.17 
HEATH276 Immune <0.0001 0.0043 <0.0001 0.24 0.24 
HEATH285 Immune 0.011 <0.0001 0.0014 0.25 0.26 
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HEATH305 Immune <0.0001 <0.0001 0.0069 0.27 0.28 
HEATH308 Immune 0.0076 <0.0001 0.0017 0.23 0.24 
HEATH322 Immune <0.0001 0.0048 <0.0001 0.23 0.23 
HEATH329 Immune 0.0031 0.0002 <0.0001 0.15 0.15 
HEATH331 Immune <0.0001 0.0055 0.0015 0.16 0.17 
HEATH335 Immune <0.0001 <0.0001 0.0071 0.14 0.15 
HEATH336 Immune <0.0001 <0.0001 0.011 0.23 0.24 
HEATH339 Immune <0.0001 0.011 0.0034 0.21 0.22 
HEATH345 Immune 0.0067 <0.0001 <0.0001 0.18 0.19 
HEATH353 Immune <0.0001 0.0063 0.0039 0.27 0.28 
HEATH356 Immune <0.0001 0.0024 0.0068 0.23 0.24 
HEATH369 Immune 0.0057 <0.0001 0.0097 0.29 0.3 
HEATH371 Immune <0.0001 <0.0001 0.0079 0.23 0.24 
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Supplementary table 2.2: Additive (VA), non-additive (VNA) and maternal (VM) components of the 
among-population variance structure in Chinook salmon transcription in two treatments (control and 
immune stimulated) expressed as a percentage of the total biological variation rounded to the nearest 
integer (total = VA + VNA + VM).  Significant effects are shown in bold.  
Treatment Top BLASTx hit % VA % VNA % VM 
Control 60s acidic ribosomal protein p0 0 6 94 
Control 
Medium-chain specific acyl-CoA 
dehydrogenase 
0 93 7 
Control adenylate kinase 1-2 61 34 6 
Control transferrin I 0 100 0 
Control aflatoxin b1 aldehyde reductase member 2 73 9 18 
Control aryl hydrocarbon receptor 2 beta 73 8 18 
Control fructose-bisphosphate aldolase b 80 0 20 
Control 
Alpha-N-acetylgalactosaminidase [Salmo 
salar] 
0 100 0 
Control 
serine (or cysteine) proteinase clade c 
member 1 
0 100 0 
Control apolipoprotein a-i precursor 70 13 16 
Control apolipoprotein c-i precursor 0 100 0 
Control arginase type ii 35 0 65 
Control atp synthase f0 subunit 6 0 30 70 
Control beta tubulin 2b 13 1 87 
Control c-polysaccharide binding protein 52 0 48 
Control complement component c3-3 0 100 0 
Control complement component c9 51 36 13 
Control calreticulin precursor 0 86 14 
Control carbonic anhydrase 12 precursor 81 0 19 
Control catalase-like isoform 3 0 0 100 
Control catenin (cadherin-associated protein) alpha 61 24 15 
Control cathepsin h precursor 0 100 0 
Control cathepsin l precursor 1 98 0 
Control cathepsin z precursor 0 0 100 
Control cytoplasmic beta actin 63 21 16 
Control complement factor b c2 precursor 69 13 17 
Control cellular retinoic acid-binding protein 1 0 100 0 
Control c-c motif chemokine 13 precursor 38 53 9 
Control 
complement component c8 gamma chain 
precursor 
0 83 17 
Control creatine kinase 93 0 7 
Control creatine kinase-1 0 0 100 
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Control corticotropin-releasing factor precursor 0 100 0 
Control cxc-like chemokine 79 0 21 
Control cyclin b2 67 17 17 
Control cytochrome p450 1a3 0 100 0 
Control cytochrome p450 1b1 74 8 18 
Control cytochrome c oxidase subunit ii 61 24 15 
Control cytochrome p450 monooxygenase cyp2k1v2 0 100 0 
Control cytochrome oxidase subunit 1 0 100 0 
Control dexamethasone-induced ras-related protein 1 0 0 100 
Control dynactin subunit 6 0 100 0 
Control elongation factor 1- oocyte form 0 50 50 
Control leukocyte elastase inhibitor 0 0 100 
Control enolase 3-2 81 0 19 
Control 
6-phosphofructo-2-kinase fructose- -
biphosphatase 2 
0 100 0 
Control middle subunit 14 83 3 
Control fgg protein 71 11 18 
Control g2 mitotic-specific cyclin-b3 0 62 38 
Control gaba-alpha receptor beta-3 subunit 84 0 16 
Control beta-galactoside-binding lectin 0 92 8 
Control glyceraldehyde-3-phosphate dehydrogenase 0 80 20 
Control glutathione peroxidase 80 0 20 
Control glycogen muscle form 73 24 3 
Control glucocorticoid receptor 0 100 0 
Control hepcidin-1 precursor 73 8 18 
Control high choriolytic enzyme 1 precursor 0 0 100 
Control heat shock cognate 70 kda protein 0 100 0 
Control heat shock cognate 70 kda protein 71 11 18 
Control heat shock protein beta-1 62 22 16 
Control heat shock protein 30 0 100 0 
Control heat shock protein 47 40 50 10 
Control heat shock protein 90 beta 44 45 11 
Control hyperosmotic glycine rich protein 64 20 16 
Control insulin-like growth factor-i 60 0 40 
Control insulin-like growth factor-binding protein 3 0 100 0 
Control 
immunoglobulin mu heavy chain constant 
region 
80 0 20 
Control interleukin 8 receptor 0 96 4 
Control il-10b protein precursor 0 88 12 
Control interleukin-2 precursor 5 93 1 
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Control interferon gamma2 0 100 0 
Control insulin receptor a 27 66 7 
Control 14 kda transmembrane protein 0 0 100 
Control lactate dehydrogenase-a 0 20 80 
Control lipoprotein lipase 58 28 14 
Control fatty acid binding protein liver basic 58 32 10 
Control malate cytoplasmic 0 100 0 
Control melanin-concentrating hormone  74 8 18 
Control metalloproteinase inhibitor 2 precursor 0 0 100 
Control metalloreductase steap4 0 100 0 
Control mhc class ii beta chain 14 45 41 
Control mhc class i alpha-3 0 80 20 
Control non-classical mhc class i antigen 37 0 63 
Control mhc class i alpha-1 67 16 17 
Control mhc class ii antigen beta 80 0 20 
Control mx1 protein 0 0 100 
Control interferon-induced gtp-binding protein mx 0 62 38 
Control nadh dehydrogenase subunit 4 0 0 100 
Control na k atpase alpha subunit isoform 1b 0 100 0 
Control 
natural resistance-associated macrophage 
protein-alpha 
71 12 18 
Control origin recognition complex subunit 1 0 100 0 
Control natural killer cell enhancement factor 0 0 100 
Control phosphorylase kinase alpha 1 15 0 85 
Control prolactin-2  0 99 1 
Control profilin 2 39 52 10 
Control profilin 2 72 10 18 
Control proteasome activator complex subunit 2 0 100 0 
Control pterin-4-alpha-carbinolamine dehydratase 0 100 0 
Control pyruvate dehydrogenase e1 component 0 7 93 
Control 
heterogeneous nuclear ribonucleoprotein l-
like isoform 1 
29 12 59 
Control 60s ribosomal protein l8 66 18 16 
Control s100-a11 0 75 25 
Control protein transport protein sec24a-like 0 100 0 
Control serum albumin 87 9 4 
Control 
solute carrier family 27 (fatty acid 
transporter) member 2 
80 0 20 
Control solute carrier family 25 member 5 73 18 10 
Control stathmin 0 100 0 
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Control syntaxin 7 0 0 100 
Control t-complex polypeptide 1 80 0 20 
Control thioredoxin 70 12 18 
Control toll-like receptor 1 0 100 0 
Control tumour necrosis factor receptor 77 4 19 
Control transferrin II 64 20 16 
Control cellular tumor antigen p53 77 6 17 
Control ubiquitin-conjugating enzyme e2 k 69 13 17 
Control 
ubiquitin a-52 residue ribosomal protein 
fusion product 
17 78 4 
Control uridine phosphorylase 2 80 0 20 
Control 
insulin-like growth factor-binding protein 2b 
transcript 
31 61 8 
Control pit-1 protein 0 100 0 
Control pituitary alpha-2 glycoprotein hormone  0 100 0 
Control vomeronasal 1 receptor-like protein 0 100 0 
Control growth hormone 2 0 83 17 
Control clock 1b protein 10 73 17 
Control metallothionein A (metA) 80 0 20 
Control metallothionein B (metB) 0 0 100 
Control properdin p factor complement 2 precursor 71 15 14 
Control lymphocyte activation gene 3 0 61 39 
Control granulocyte colony-stimulating factor 79 10 11 
Control regucalcin 0 38 62 
Immune actin-related protein 2 3 complex subunit 3 0 24 76 
Immune alpha actin 80 0 20 
Immune 
Medium-chain specific acyl-CoA 
dehydrogenase 
31 0 69 
Immune aryl hydrocarbon receptor 2 beta 83 16 1 
Immune aryl hydrocarbon receptor 2 alpha 0 20 80 
Immune alcohol dehydrogenase class-3 80 0 20 
Immune alcohol dehydrogenase class vi 74 5 21 
Immune aldolase fructose-bisphosphate 1 80 0 20 
Immune 
serine (or cysteine) proteinase clade c 
member 1 
82 1 17 
Immune apocytochrome- partial 0 100 0 
Immune apolipoprotein a-i precursor 62 34 4 
Immune arginine serine-rich coiled-coil protein 1 0 25 75 
Immune atpase subunit 6 51 36 13 
Immune beta-2-microglobulin precursor 70 22 8 
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Immune c-c motif chemokine 25 precursor 85 0 15 
Immune c-polysaccharide binding protein 0 100 0 
Immune complement component c3-3 51 37 13 
Immune complement component c5 0 0 100 
Immune catalase-like isoform 3 81 0 19 
Immune catenin (cadherin-associated protein) alpha 0 63 37 
Immune cathepsin d 0 0 100 
Immune cathepsin h precursor 18 78 4 
Immune cytoplasmic beta actin 0 100 0 
Immune complement factor b c2 precursor 0 93 7 
Immune complement factor H (cfh) 73 9 18 
Immune c-c motif chemokine 13 precursor 81 16 3 
Immune 
complement component c8 gamma chain 
precursor 
0 50 50 
Immune complement component c9 74 7 19 
Immune cyclooxygenase 2 0 2 98 
Immune carbamoyl-phosphate synthase 0 0 100 
Immune creatine kinase b-type 0 75 25 
Immune cyclin g1 23 17 60 
Immune cytochrome c oxidase subunit ii 80 12 8 
Immune cytochrome c oxidase subunit i 0 33 67 
Immune cytochrome p450 monooxygenase cyp2k1v2 59 27 15 
Immune cytochrome oxidase subunit 1 54 32 14 
Immune dna damage-inducible transcript 4 0 100 0 
Immune elongation factor 1- oocyte form 0 0 100 
Immune ela1_salsa ame: full=elastase-1 63 34 3 
Immune dna excision repair protein ercc-1 86 0 14 
Immune fatty acid-binding heart 0 30 70 
Immune middle subunit 20 30 50 
Immune fibrinogen alpha chain 78 6 17 
Immune mitochondrial protein 18 kda 0 47 53 
Immune beta-galactoside-binding lectin 80 0 20 
Immune glycogen muscle form 82 0 18 
Immune glycogen synthase 0 100 0 
Immune high mobility group-t protein 0 100 0 
Immune 
developmentally-regulated gtp-binding 
protein 2 
71 0 29 
Immune guanidinoacetate n-methyltransferase 40 0 60 
Immune gnai2 protein 28 0 72 
Immune h2a histone member v 63 21 16 
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Immune heat shock cognate 70 kda protein 0 16 84 
Immune heat shock factor 2 (hsf2) 64 20 16 
Immune heat shock protein 30 41 49 10 
Immune heat shock protein 90 beta 54 44 2 
Immune hyperosmotic glycine rich protein 70 1 29 
Immune insulin-like growth factor ii 0 63 37 
Immune igf binding protein 5 0 46 54 
Immune interleukin-1 beta 0 59 41 
Immune interleukin-2 precursor 78 2 20 
Immune interleukin 8 13 84 3 
Immune inositol hexakisphosphate kinase 1 isoform 2 0 63 37 
Immune insulin receptor b 0 52 48 
Immune ldlr2-a protein 70 13 16 
Immune pro-mch 1 precursor 0 0 100 
Immune mhc class i alpha-3 70 13 17 
Immune mhc class i alpha-1 0 100 0 
Immune mineralocorticoid receptor form a 0 46 54 
Immune mx1 protein 80 0 20 
Immune nadh dehydrogenase subunit 2 0 89 11 
Immune nicotinamide riboside kinase 2 0 0 100 
Immune 
natural resistance-associated macrophage 
protein-alpha 
10 68 22 
Immune 
peptidyl-prolyl cis-trans isomerase b 
precursor 
80 0 20 
Immune natural killer cell enhancement factor 0 100 0 
Immune phosphorylase kinase alpha 1 41 0 59 
Immune pigment epithelium-derived factor precursor 81 0 19 
Immune precerebellin-like protein precursor 80 0 20 
Immune prolactin-2  0 100 0 
Immune profilin 2 77 4 19 
Immune profilin 2 0 82 18 
Immune pterin-4-alpha-carbinolamine dehydratase 0 0 100 
Immune 
6-phosphofructo-2-kinase fructose-
biphosphatase 1 
80 0 20 
Immune ribulose-phosphate 3-epimerase 0 82 18 
Immune 60s ribosomal protein l8 80 1 19 
Immune s100-a11 48 40 12 
Immune serum amyloid a1 precursor 0 12 88 
Immune serum albumin 81 15 4 
Immune bchain crystal structure of the thrombin 0 100 0 
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mutant  
Immune toll-like receptor 1 0 100 0 
Immune membrane-toll-like receptor 5 precursor 0 19 81 
Immune transport protein sec61 subunit gamma 63 21 16 
Immune c-polysaccharide binding protein 1 80 0 20 
Immune 
ubiquitin a-52 residue ribosomal protein 
fusion 
38 53 9 
Immune uracil-dna glycosylase-like 21 0 79 
Immune vacuolar proton pump subunit g 1 76 5 19 
Immune insulin-like growth factor-binding protein 2b  0 100 0 
Immune insulin-like growth factor-binding protein 2a 0 100 0 
Immune 60s ribosomal protein l8 75 6 19 
Immune aspartate aminotransferase 0 39 61 
Immune insulin-like growth factor binding protein-1 0 0 100 
Immune growth hormone 2 65 18 16 
Immune glucagon-like peptide 2  71 11 18 
Immune clock-1a protein 51 37 13 
Immune lymphocyte activation gene 3 91 0 9 
Immune granulocyte colony-stimulating factor 0 100 0 
Immune defensin beta 3 82 0 18 
Immune thymosin beta-11 0 63 37 
Immune 
melanocortin-2 receptor accessory protein 2-
like 
0 100 0 
Immune regucalcin 0 0 100 
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CHAPTER 3 
 
TRANSCRIPTIONAL DIVERGENCE AND INTRASPECIFIC HYBRIDIZATION 
AMONG CHINOOK SALMON (ONCORHYNCHUS TSHAWYTSCHA) 
POPULATIONS: NON-ADDITIVE OUTCOMES AND HYBRID BREAKDOWN 
 
Introduction 
 
There is a long history of interest in interspecific hybridization from evolutionary, 
ecological and conservation perspectives.  Historically, hybridization has been viewed as 
an evolutionary dead-end due to the somewhat random allocation of fitness traits for 
hybrids (Tave 1993; Burke & Arnold 2001; Barton 2001).  More recently there has been 
a new understanding of species hybridization as an evolutionary creative process (Burke 
& Arnold 2001).  However, it is interesting to note that intraspecific hybridizations rarely 
involve the introduction of novel gene combinations, and hence tend to have less extreme 
phenotypic outcomes (Barton 2001; Birchler et al. 2005).  Rather, gene flow between 
diverging lines within a species can mix co-adapted gene regulation mechanisms that 
have accumulated over time, resulting in anomalous and unpredictable gene expression 
patterns (Landry et al. 2007).  Although such hybrid phenotypes can, in theory, result in 
traits superior to the parental phenotypes (Templeton 1986), far more often studies report 
that hybridization leads to a reduced average fitness in F1 or subsequent generations 
(Rhymer & Simberloff 1996).  The latter case is known as outbreeding depression, a 
widely predicted outcome of intraspecific hybridization; however, the genetic mechanism 
behind the “breakdown of co-adapted gene complexes” remains elusive.  It is likely that 
outbreeding depression would be first detected as anomalies in gene transcription, given 
that it is the first step of gene expression.  
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Hybridizing genomes that may have been diverging for some time can produce 
unfavorable phenotypes in hybrids due to additive, non-additive, or a combination of both 
genetic effects (Templeton 1986).  When the genetic variation in gene expression is 
primarily additive, crossing populations that exhibit different transcription patterns will 
create offspring with intermediate expression levels relative to their pure-type parents.  If 
the parental population phenotypes differ, outbreeding depression may result from the 
hybridization because hybrid offspring will possess a phenotype that is unsuitable in 
either parental environment (Hemmingsen et al. 1986).  Evidence for additive genetic 
effects on gene expression variation in intraspecific hybrids does exist.  For example, 
Stupar et al. (2008) surveyed transcription in five inbred lines of maize and their 
reciprocal hybrids and found that roughly 75 percent of all hybrid transcripts that differed 
from parental populations did so in an additive fashion.  However, blending co-evolved 
genetic architectures that include non-additive genetic variance for gene expression traits 
can lead to mRNA and protein levels that differ from parental lines in unpredictable ways 
(Templeton 1986).  Recently, non-additive misexpressions in the form of dominance and 
overdominance have been shown to be common in many species and population hybrids 
(Gibson et al. 2004; Birchler et al. 2005), and hence the potential for substantial negative 
effects on fitness exists (Templeton 1986). However, few studies have actually quantified 
the fitness consequences of anomalous gene expression in hybrid offspring.  Disrupted 
patterns of gene regulation inheritance seem to be highly dependent on tissue type 
(Rottscheidt & Harr 2007), the magnitude of genetic divergence (Gibson et al. 2004; 
Stupar et al. 2008) and specific parental source populations (Bougas et al. 2010).  
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In theory, the magnitude of outbreeding depression via intraspecific hybridization 
will vary with the level of population genetic divergence.  When populations are isolated, 
polygenic traits can co-evolve as a response to local environmental conditions (i.e. local 
adaptation) or as a result of random genetic drift (Fraser et al. 2011).  Therefore, 
hybridization of isolated populations may be of conservation concern since it can result in 
the breakdown of physiological and developmental processes that are adapted to the local 
environments.  Such hybrid breakdown is more apparent when the parental populations 
are highly divergent; for example, the extinction of the Tatra mountain ibex (Capra ibex 
ibex) population in Czechoslovakia was due to hybridization with introduced ibexes of a 
different subspecies (Templeton 1986; Rhymer & Simberloff 1996).  However, more 
closely related populations have also shown outbreeding depression in hybrid progeny, 
such as the increased development time of hybrid copepods on the west coast of the US 
(Burton 1990).  Likewise, many geographically separated populations of plant species are 
threatened by outbreeding depression via cross-pollination (Ellstrand 1992).  In general, 
wild populations are difficult to screen for outbreeding depression, as it is likely that the 
fitness effects will not arise until after several generations of hybrid backcrosses have 
created substantial levels of genomic recombination between the two parental genomes 
(Gharrett et al. 1999).  Indeed, demonstrating outbreeding depression via hybridization of 
divergent natural populations is not straightforward, and relatively few studies have 
successfully quantified outbreeding effects in less than four generations of breeding 
(Edmands 2007). For these reasons, management and conservation programs involving 
individual translocation and restocking may compromise the genetic viability of wild 
populations, but the fitness consequences may not be apparent for many generations.  It is 
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thus important to develop methods that can detect the potential for outbreeding 
depression without requiring many generations of controlled breeding – one such 
approach is to quantify hybrid offspring gene expression disruption relative to the pure 
parental strains.  The importance of gene expression regulation with respect to selective 
divergence, such as local adaptation and speciation, has been widely discussed (King & 
Wilson 1975).   Indeed, gene expression analysis in pure-type and hybrid organisms 
holds the potential for extremely sensitive detection of genomic breakdown, as long as a 
substantial number of genes are assayed.  
Salmonids provide an excellent natural system to screen for outbreeding effects.  
Salmonids display a broad array of life history variation, such as differences in migratory 
patterns, variation in the duration of freshwater residence, and variation in the timing of 
spawning (Groot & Margolis 1991).  The high variation in life history traits within 
salmonid species is generally attributed to their natal stream philopatry; reproductive and 
geographic isolation restricts gene flow and promotes population differentiation 
(Carvalho 1993).  Indeed, trait divergence is often associated with local environmental 
pressures (Taylor 1991; Fraser et al. 2011), and hence it is generally accepted that such 
traits have an underlying genetic basis (Taylor 1991), as salmonids have a high capacity 
for rapid evolution (Hendry et al. 2000; Heath et al. 2003; Aykanat et al. 2011a) and 
local adaptation (Fraser et al. 2011).  Thus, the potential for negative consequences of 
mixing populations with divergent genetic backgrounds is high (Garcia de Leaniz et al. 
2007).  Outbreeding depression has been documented for some physiological traits in 
intraspecific hybrid salmon (Hemmingsen et al. 1986; Gharrett et al. 1999); however, the 
reported effects were small.  More generally, phenotypic effects (both positive and 
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negative) of population hybridization in salmon have been elusive.  Variation in 
transcription within and among populations of salmon has been demonstrated (Aykanat et 
al. 2011; Bougas et al. 2010; Roberge et al. 2008; Chapter 2), highlighting transcription’s 
potential to play a significant role in population divergence.  Although the process of 
gene expression includes multiple levels of regulation, including mechanisms acting after 
the production of the final transcript, mRNA and protein levels are generally correlated 
(Schwanhaeusser et al. 2011) and hence transcription variation will significantly 
contribute to observed phenotypic variation.   
Here I document the disruption of transcriptional regulation in F1 hybrid progeny 
created from four geographically separated wild populations of Chinook salmon 
(Oncorhynchus tshawytscha) under two treatment regimes (at rest (control) and immune 
stimulated).  I included the analysis of immune stimulated fish to provide a parallel 
estimate of hybrid breakdown in different, and perhaps also differentially co-evolved, 
transcriptional networks.  Indeed, local adaptation in salmon is often thought to have a 
pathogen origin and thus likely involves the immune system (Taylor 1991; Fraser et al. 
2011).  Given that the molecular response to immune challenge is widespread and well 
documented in vertebrates (Janeway & Medzhitov 2002), and that immune response 
involves modifications to many molecular pathways (i.e. metabolism, cell signaling, 
production of immune-related proteins), immune stimulation is thought to infer a unique 
transcriptional state for many genes (Akira et al. 2006).  Not surprisingly, immune 
stimulation has been shown to significantly influence transcription in salmon (Hong et al. 
2003; Mulder et al. 2007; Aykanat et al. 2012).  I use a custom microarray to characterize 
transcription at 367 genes known to play key roles in metabolism, osmoregulation, 
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immunity, stress response, and homeostasis, and are hence of considerable evolutionary 
relevance.  My results indicated that populations differed substantially in gene expression 
on the basis of pure-type differences in transcription in both treatments, consistent with 
what would be expected under adaptive divergence of the four study populations. 
Curiously, I found substantial unpredictable non-additive transcription in the reciprocal 
hybrid offspring.  In many cases, the reciprocal hybrid transcription values disagreed, 
classically indicative of sex-linkage, but in my study more likely due to complex epistatic 
interactions or epigenetic effects.  Finally, my results have serious implications for 
Chinook salmon conservation, highlighting potential negative outcomes for intentional 
stock transfer among locally adapted populations, and the importance of maintaining 
natural genetic biodiversity. 
 
Materials & Methods 
 
Breeding, rearing, sampling and transcription quantification 
 
This work is based on reanalysis of the microarray data generated in Chapter 2; 
however, here I analyze a sub-set of the data as replicated 2x2 crosses between two of the 
four stocks, this gave rise to a total of six pairwise 2x2 crosses (Figure 3.2).  Eggs and 
sperm from four male and female parents from four wild Chinook salmon populations 
were collected (Harrison River, Quinsam River, Big Qualicum River, and Robertson 
Creek, British Columbia, Canada; Figure 3.1). Six different 2x2 cross types were created 
(HR-QR, HR-BQ, HR-RC, etc…) and reared in four replicates per cross type (Figure 
3.2).  From here on, I use a dash to identify a population cross (e.g. HR-QN cross), and 
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an “x” to identify specific hybrid reciprocals (e.g. HRxQN or QNxHR). For the hybrid 
reciprocals, the first listed abbreviation indicates the population of origin of the mother, 
and the second abbreviation indicates the population of origin for the father. Parental fin 
clips were taken at the time of spawning for later genetic parentage analyses.  Dividers in 
incubation trays initially separated all families from the egg stage until endogenous 
feeding commenced, after which 2x2 cross replicates were pooled and transferred to 
freshwater troughs (four replicate troughs in total) and fed to satiation daily.  Seven 
months after fertilization, fish were humanely euthanized and gills were collected and 
stored in RNAlater from 300 at rest fish (“control fish”) and from 300 immune stimulated 
fish (inactivated Vibrio anguillarum bath challenge, “immune fish”; see Chapter 2).  
Offspring were assigned to their family via parentage assignment based on three 
microsatellite loci selected to maximize parentage assignment success by exclusion (data 
not shown).   
Total RNA was extracted from two or three fish per family per replicate trough 
(some families had less than three fish) as described in Chapter 2.  Total RNA was 
treated with DNAse I (new England Biolabs, Pickering, Ontario) and quantified 
spectrophotometrically (A260/A280 method).  Next, 10 ug of RNA was reverse transcribed, 
dye labeled, and purified using Invitrogen SuperScriptTM Plus Indirect cDNA labeling 
System with Alexa 555 and 647 dyes, following the manufacturer’s protocol, but at half 
the recommended reagent volumes.  Labeled cDNAs were hybridized to a custom low-
density oligonucleotide microarray with probes for 367 evolutionary relevant genes 
(Appendix A) for 16 hours.  The microarray was designed to include spot replicates (each 
gene probe was printed in triplicate side-by-side) and sub-array replicates (whole 
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microarrays were printed twice on the same slide in blocks stacked vertically) to provide 
power in removing variation in gene intensity due to individual probes; In total, there 
were six replicate spots for each gene per fish (3 per sub-array, 2 sub-arrays per slide).  
Hybridized arrays were then washed, dried, and spot fluorescence was quantified using a 
ScanArray Express Microarray Imaging System and associated software (rolling circle 
method). 
Transcription data analysis 
 
Data processing and statistical analyses were performed with R software (R 
Development Core Team 2011).  Digitized microarray scans were imported into R using 
the limma package (Smyth & Speed 2003).  Background noise for each spot was 
subtracted from raw signal intensities using the ‘normexp’ method (Ritchie et al. 2007).  
Spots with signal intensity below the mean blank spot intensity plus two standard 
deviations or a signal to noise ratio below 2 were removed from subsequent analyses.  
Spot intensities were normalized within arrays using a global ‘loess’ method, and then 
normalized among arrays using a quantile method (Smyth & Speed 2003).  On average, 
there were 60 ± 6 and 61 ± 9 (± SE) data points per gene, per family, after data 
normalization and removal of bad spots in control and immune stimulated data sets, 
respectively. 
Population differences in transcription 
 
All statistical analyses were performed for control and immune treatments 
separately.  I tested the null hypothesis that the two pure-type crosses within each of the 
2x2 crosses had identical expression levels to assess population divergence in 
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transcription.  Since all fish were raised in a common environment and were fed regularly 
to minimize selective pressures (fry mortality was not quantified, but was low), I expect 
differences in expression to stem primarily from underlying genetic differences, rather 
than other environmental or physiological factors. I used ANOVA to compare the means 
of individual pure-type crosses, including a model parameter that accounts for variation 
due to replicate troughs.  Individual gene intensities were taken as the mean of all six 
replicate spots per slide.  I used a nominal p-value alpha of 0.01 to identify genes with 
significant differences between the two pure-type crosses  
Non-additive transcription inheritance 
!
Unless otherwise stated, all statistical analyses were performed for reciprocal 
hybrids separately.  I sought to describe transcription levels in the hybrid offspring that 
deviated from what would be expected under classical expectation of additive genetic 
inheritance – such deviations can reflect outbreeding effects in gene expression.  To 
accomplish this, I tested the null hypothesis that the observed hybrid transcription levels 
were equal to the mid-parental values. If the null hypothesis is rejected I can conclude 
that significant non-additive genetic effects are driving variation in transcription within 
2x2 crosses between the two populations.  I generated sets of expected mid-parental 
values by first creating a normal distribution centered at the mean of the pairwise 
averages between parental pure-types (i.e. the mean of 6 averages: 3 fish per pure-type 
family, 6 unique averages between pure-types), with a bootstrapped variance (mean 
variance of 1000 iterations of resampling the 6 unique averages between pure-types 3 
times), then randomly selecting three values from the generated distribution.  I tested for 
differences between the observed and expected (generated mid-parental values) hybrid 
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transcription values at each gene for each reciprocal hybrid cross separately using 
ANOVAs following the model:   
Zbl = Ob + Il + (OI)bl 
where Zbl is the mean gene transcription value due to the random effects of trough 
(Ob), genotype (Il), and their interaction (OI)bl.  Individuals in the analysis took two 
possible values of genotype (Il): “hybrid” for gene intensities of individuals from a 
reciprocal hybrid family and “mid” for the generated mid-parental values.  Gene 
transcription was identified as non-additive for a reciprocal hybrid cross if the ANOVA 
contrast Il was statistically significant at the " < 0.01 level.   
I sought to determine if non-additive transcription was more prevalent in specific 
population crosses.  Significant differences would suggest that the magnitude of 
outbreeding effects is dependent on the specific populations crossed.  I thus analyzed the 
number of non-additive transcripts among hybrid families that had one parental 
population of the same sex in common (e.g. contrast among HRxQN, HRxBQ and 
HRxRC hybrids) for both treatments.  I used pairwise chi-square tests to identify 
significant differences among the similar hybrids, with false detection rate (FDR) 
correction to control for type I errors associated with multiple testing.  Reciprocal hybrid 
families were tested separately for both the control and immune treatments. 
I was also interested if reciprocal hybrids expressed the same number of genes 
with transcription inherited in a non-additive fashion – significant differences would 
further suggest population-specific patterns and mechanisms of transcriptional 
breakdown.  Thus, I used chi-square tests (with FDR to correct for multiple testing) to 
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reveal significant differences between the number of genes that depart from additive 
expectations in the reciprocal hybrids for each population cross. 
Genetic mechanisms of non-additive expression 
  
To characterize anomalous gene expression in reciprocal hybrids, I identified 
reciprocal hybrid transcription that departed from mid-parental values (i.e. non-additive 
genes) as following one of three patterns (Table 3.1), each with potentially different 
genetic mechanisms underlying their expression: 1) both reciprocal hybrid values depart 
from the mid-parental value but were equal to each other (p>0.05, ANOVA), 2) one 
reciprocal hybrid value departs from the mid-parental value and the other does not, and 3) 
both reciprocal hybrid values depart from the mid-parental values and were significantly 
different from each other (p<0.05, ANOVA).  All three of these patterns would infer 
unpredictable effects on the fitness of hybrids (Templeton 1986; Rhymer & Simberloff 
1996).  
I identified the most prevalent patterns of reciprocal expression by summing the 
number of gene transcripts displaying each pattern for all population crosses, and used 
chi-square testing among the sums (with FDR to control for type I errors). Those results 
provide insight to the transcriptional response to hybridization.  I was also interested in 
comparing the two patterns where reciprocal hybrids disagreed in transcriptional 
regulation (i.e. patterns 2 and 3 above), as these patterns seriously contradict what is 
expected under classical quantitative genetic theory (Templeton 1986).  Thus, I used chi-
square tests (with FDR correction) to determine significant differences in the frequency 
of these patterns for each 2x2 cross.   
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I was also interested in determining whether the frequency of specific expression 
patterns had a population basis.  To address this, I contrasted the number of gene 
transcripts among population crosses for each of the three expression patterns described 
above (chi-square with FDR).  Significant differences would imply that the effects of 
hybridization are not equal among the population crosses for the corresponding 
expression pattern.  Finally, I tested the null hypothesis that all population crosses display 
equal frequencies of non-additive expression that could have unpredictable effects on the 
fitness of hybrids.  Thus, I summed the number of genes in each of the three non-additive 
expression patterns for each population cross and used pairwise chi-square tests (with 
FDR) to detect significant differences among the sums. 
Biological function of outbreeding effects 
 
Given the heterogeneous nature of the salmonid environment, population 
divergence in gene expression may be driven by local selective forces (Fraser et al. 
2011).  Rivers in British Columbia are known to vary significantly in pH, temperature, 
and pathogen abundance, and hence I sought to determine if non-additive transcription in 
my Chinook salmon hybrids was due to the disruption of specific gene expression 
mechanisms that may be locally adapted.  I accomplished this by determining if non-
additive transcription in hybrids within and among 2x2 crosses were specific to genes 
with particular biological functions.  I identified gene annotation for all of the genes 
displaying non-additive genetic inheritance with BLAST2GO (Conesa et al. 2005).  
BLAST2GO generates the most probable Blastx hit (Altschul et al. 1990) for the cDNA 
sequences spotted on the Chinook microarray, and infers protein ontology information 
from the GeneOntology database (Ashburner et al. 2000).  I categorized each gene 
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displaying non-additive expression using “level 2” of the biological function classes 
(highest/broadest class, Ashburner et al. 2000), and grouped similar ontologies, resulting 
in five unique gene function classes: 1) biogenesis, 2) metabolic process, 3) biological 
regulation, 4) cellular process, and 5) response to stimulus.  I used chi-square tests 
(pairwise with FDR) to determine if specific hybrid crosses had significantly different 
(p<0.05) numbers of non-additively expressed transcripts within each functional 
category.  Significant results would suggest that different population crosses disrupt 
distinct gene expression mechanisms that may have an adaptive component related to 
gene function. 
 
Results 
Differences among pure-types 
I found a substantial number of differences in gene transcription in pair-wise 
comparisons among populations under control (11-26 genes) and immune stimulated (9-
32 genes) regimes (p<0.01; Figure 3.3), suggesting population-specific divergences in 
transcriptional regulation. The magnitude (number of genes) of population expression 
divergence varied tremendously between treatments (Figure 3.3), suggesting that the 
transcriptional differences between populations are highly dependent on environmental 
regime. For example, the Quinsam River – Robertson Creek comparison resulted in 12 
genes showing significant transcription differences in the control treatment, while nearly 
triple (32) the number of differences were present in the immune treatment comparisons 
(Figure 3.3 – QN vs RC).  Indeed, very few genes (<6%, data not shown) displayed 
significantly different transcript levels in more than one pure-type comparison within a 
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treatment, suggesting that population of origin may also play a role in the genetic 
architecture of these genes.  Pooling all of the differences for one population against the 
remaining three resulted in Harrison River being the most distinct population in the 
control fish (Figure 3.3).  Indeed, many of the pairwise comparisons with Harrison River 
resulted in relatively high numbers of population differences, with the Harrison River- 
Big Qualicum comparison displaying the most differences for all comparisons under the 
control conditions (Figure 3.3).  However, this result did not hold for the immune 
treatment, where the Quinsam River – Robertson Creek comparison displayed the highest 
population differences (Figure 3.3).  Pooling all of the pairwise differences resulted in 
Quinsam River being the most differentiated for the immune stimulated fish (Figure 3.3). 
Cross-specific non-additive expression 
There was large variability in the number of non-additive transcripts observed per 
reciprocal hybrid family within both treatments (Figure 3.4).  Interestingly, different 
hybrid crosses that share a parental population (e.g., HRxQN, HRxBQ and HRxRC) 
significantly differed in the number of transcripts expressed in a non-additive fashion 
(p<0.05, pairwise chi-square with FDR, Figure 3.4).  Specifically, in the control 
treatment, HRxBQ and HRxRC hybrids displayed significantly more non-additive 
transcripts than HRxQN hybrids, but were not significantly different from each other; 
QNxRC hybrids displayed significantly more than QNxBQ hybrids, which displayed 
significantly more than QNxHR hybrids;  HRxBQ and QNxBQ hybrids displayed 
significantly more than RCxBQ hybrids, but were not significantly different from each 
other;  HRxRC and QNxRC hybrids displayed significantly more than BQxRC hybrids, 
but were not significantly different from each other (Figure 3.4).  Under the immune 
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treatment, QNxBQ and QNxRC hybrids displayed significantly fewer non-additive 
transcripts than QNxHR hybrids, but were not significantly different from each other; 
finally, QNxHR hybrids displayed significantly more than BQxHR hybrids, but there was 
not a significant difference between QNxHR and RCxHR, or RCxHR and BQxHR 
hybrids (Figure 3.4). 
Reciprocal hybrid cross inheritance 
Some reciprocal hybrid families displayed different patterns of additive versus 
non-additive inheritance of transcription profiles (Figure 3.5).  In fact, the frequency of 
non-additive effects across all the genes assayed differed statistically significantly 
between reciprocal crosses within some 2x2 crosses (P<0.05, pairwise chi-square with 
FDR; Figure 3.5).  Interestingly, there were far more significant contrasts between 
reciprocal hybrids in the control treatment than in the immune treatment (Figure 3.5).  
Specifically, the frequency of transcripts expressed in a non-additive fashion differed 
significantly for HR-BQ, QN-BQ, HR-RC, and QN-RC control hybrids, and only for 
HR-QN immune hybrids (Figure 3.5).  
Patterns of reciprocal hybrid expression 
I was not able to classify all genes displaying non-additive transcription into 
reciprocal expression patterns (see Materials and Methods) due to the removal of genes 
with poor spot quality from the analysis (i.e. I was missing some gene transcription 
measurements for one reciprocal hybrid or the other); thus, the following results reflect 
genes for which I obtained transcription measurements in both reciprocal hybrids.  
Interestingly, there were few genes that displayed reciprocal hybrid agreement in non-
additive expression within 2x2 crosses (Table 3.1) – on average, reciprocal hybrids were 
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not significantly different from each other (i.e. reciprocal hybrids were in agreement) in 
their expression of 30% and 31% of all genes displaying non-additive transcriptional 
inheritance in the control and immune treatments, respectively (Table 3.1).  This 
translates into roughly 70% of all genes displaying non-additive expression exhibited 
differential reciprocal hybrid inheritance, indicative of different mechanisms of 
transcriptional regulation (Table 3.1).  There are two scenarios where this can occur:  1) 
one reciprocal hybrid displays non-additive transcription levels while the other reciprocal 
displays additive transcription levels; 2) both reciprocal hybrids display non-additive 
transcription levels but these levels differ statistically significantly (see Materials and 
Methods; Table 3.1).  The first case, where one reciprocal hybrid displayed additive 
transcription and the other did not, was detected significantly more frequently relative to 
the other reciprocal expression patterns in both treatments.  Specifically, on average 58% 
and 51% of all genes expressed in a non-additive fashion displayed this pattern for the 
control and immune treatments respectively (Table 3.1).  The second case, where non-
additive reciprocal hybrid transcription levels were significantly different, was the least 
frequent pattern detected; specifically, on average 12% (control treatment) and 18% 
(immune treatment) of non-additively expressed genes displayed this pattern (Table 3.1).  
Finally, the significant difference between reciprocal hybrid expression disagreement 
patterns was also valid within each of the 2x2 crosses in both treatments, aside from HR-
BQ and BQ-RC hybrids in the immune treatment (Table 3.1). 
Next, I sought to identify if the frequency of specific expression patterns had a 
population basis.  However, there were no significant differences among population 
crosses for the frequency of genes displaying a given expression pattern (p>0.05, 
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pairwise chi-square with FDR, Table 3.1).  However, there were significant differences 
among populations for the sum of genes in all three expression patterns, suggesting that 
the potential for a reduction in hybrid fitness may be dependent on which populations are 
crossed (Table 3.1). Specifically, BQ-RC hybrids displayed significantly fewer non-
additively inherited genes than HR-BQ, HR-RC and QN-BQ hybrids in the control 
treatment; however, there were no significant differences among crosses in the immune 
treatment (Table 3.1). 
I summed the number of genes displaying each pattern within each 2x2 cross and 
tested for significant differences among them.  However, most population crosses 
displayed the same level of potential outbreeding effects, aside from Big Qualicum-
Robertson Creek and Harrison-River-Quinsam River control hybrids which displayed 
nearly half the number, relative to all other hybrid crosses (Table 3.1) and were not 
significantly different from each other.  There were no significant differences in the 
frequency of the summed outbreeding effects among immune stimulated hybrid crosses.  
Environmental regime (treatment) affected the nature of the outbreeding effects on 
transcription, as the sum of outbreeding effects for control and immune stimulated fish 
differed significantly within each 2x2 cross (data not shown). 
Annotation analysis of non-additive expression in hybrids 
 In total, 171 genes in control fish and 134 genes in immune stimulated fish 
displayed non-additive transcription in at least one reciprocal hybrid (reciprocal hybrid 
expression for some genes could not be compared due to the removal of data in pre-
processing for spot quality) for all 2x2 crosses (Table 3.1).  The ability of salmon to 
locally adapt is frequently cited (Garcia de Leaniz et al. 2007; Fraser et al. 2011); thus, I 
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sought to determine if non-additive expression reflected hybrid incompatibilities for the 
transcription of locally adapted gene complexes. BLAST2GO analysis revealed the gene 
ontology information of non-additive transcription; specifically, there were 51 and 30 
‘biogenesis’, 87 and 35 ‘metabolic process’, 58 and 22 ‘biological regulation’, 73 and 25 
‘cellular process’, and 57 and 22 ‘response to stimulus’ genes in the control and immune 
stimulated fish, respectively.  I tested the frequency of genes within each of these 
categories among 2x2 crosses to identify if hybridization of specific populations would 
disrupt specific gene functions (Figure 3.6). Interestingly, there were no significant 
differences in the occurrence of non-additive expression among population crosses within 
biological function categories (p>0.05 pairwise chi-square, figure 5), suggesting that non-
additive expression in hybrid offspring occurs somewhat randomly across the genome in 
these hybrids (Figure 3.6). 
 
Discussion 
 
Populations will diverge in the absence of gene flow due to genetic drift, while 
heterogeneity in environmental conditions drive local selective pressures that can foster 
divergent adaptation; the combination can lead to rapid population genetic differentiation 
at neutral and functional markers (Fraser et al. 2011).  Salmon populations experience 
both of those processes: their reproductive homing minimizes population mixing via high 
habitat fidelity and they inhabit river systems with an impressive variety of physical (e.g. 
pH, salinity, flow rate) and biological (e.g. pathogen diversity and abundance, predator 
abundance, food availability) characteristics (Groot & Margolis 1991).  Thus, salmon 
have a high potential to adapt on a local scale, as well as to diverge on the basis of limited 
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gene flow and small effective population sizes (Garcia de Leaniz et al. 2007).  
Microarray analysis of the pure-type fish in this study indicated that natural populations 
differed substantially in transcription across a broad functional range of genes, suggesting 
that the divergence among the four populations used here includes a substantial 
transcription regulation component at multiple gene loci.  In fact, there was considerable 
variability in the number of significantly differentiated genes based on specific 
population comparisons, indicative of population-specific gene expression structure.  
Furthermore, the results of transcriptional divergence among the study populations agree 
in general with Chinook salmon population structure based on neutral genetic 
(microsatellite) markers (Beacham et al. 2006).  For example, Beacham et al. (2006) 
demonstrated that west coast Vancouver Island Chinook salmon populations  (i.e., RC 
population) were more similar to mainland British Columbia populations (i.e., HR 
population) than to east coast Vancouver Island populations (i.e., QN and BQ 
populations).  My results reflect these contrasts to some degree, as the mainland 
population (HR) was the most differentiated population under the control (at-rest) 
conditions; although that agreement did not hold for the immune treatment comparisons.  
However, discrepancies between the results of this study and those of Beacham et al.’s 
(2006) neutral maker results are not surprising, given that neutral divergence estimates 
reveal relative gene flow and drift among populations, whereas the transcriptional 
quantitative traits measured here reflect both selection (local adaptation) and drift effects 
(Wray et al. 2003).  Indeed, the analysis of functional genetic markers, including 
transcriptional variation, may provide more information for detecting meaningful genetic 
divergence among populations that are locally adapted (Heath et al. 2006).   
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The discrepancy in the transcriptional differentiation between the pure-type 
crosses under the control and immune stimulation condition was not predicted, and the 
reason for the difference may lie in the functional nature of my markers.  Many of the 
genes I assayed play significant roles in maintaining homeostasis and in the physiological 
response to stress, thus it is likely their transcriptional regulation would have a highly 
adaptive component.  Given the evolutionary importance of disease resistance in salmon 
(Aykanat et al. 2012), rapid evolution of molecular pathways critical to immune response 
is plausible and expected.  Therefore, one would expect among-population expression 
differences in response to immune stress to reflect adaptive rather than neutral 
divergence.  My results therefore make it likely that these populations have not only 
differentiated due to drift but also due to local selective pressures.  For example, HR and 
BQ populations are genetically differentiated based on microsatellite allele frequencies 
(Beacham et al. 2006), which is also reflected in substantial transcriptional differentiation 
under the control treatment. However, their local environments may be characterized by 
similar pathogen communities (or other physical characteristics) leading to convergent 
selective pressures and hence a reduction in transcriptional differences under the immune 
stress treatment.  Unfortunately, it is difficult to effectively correlate environmental 
characteristics with quantitative genetic parameters (Kruuk & Hadfield 2007), and that 
analysis is outside the scope of this study.  Nevertheless, my results are consistent with 
those expected for populations experiencing local adaptation (Taylor 1991), and provide 
compelling evidence for the local evolution of transcriptional regulation in this species. 
My study, and others in the literature (Shrimpton & Heath 2003; Evans et al. 
2010; Fraser et al. 2011), have shown substantial functional marker based population 
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structure in Chinook salmon. This observation has important implications for the 
development of effective conservation strategies, especially given that wild Chinook 
salmon populations have been in decline since the early 1990s (Beamish et al. 1999) and 
many populations are considered threatened or endangered (COSEWIC 2006).  
Functional divergence among populations implies that fish have developed mechanisms 
to succeed in their local habitat, and hence they may not be expected to perform well in a 
foreign environment (Edmands 2007).  Indeed, fish may suffer so severely in an alien 
setting that they may not be viable and hence will never integrate into the reproductive 
population (Templeton 1986; Ruzzante et al. 2004; Heath et al. 2006).  Interestingly, a 
common management response to declining salmonid stocks has been the implementation 
of fish translocation (Noakes et al. 2000).  However, functional differences among 
natural Chinook populations resulting from putative local adaptation raise concerns 
regarding the wisdom of translocating large numbers of fish or eggs (Rhymer & 
Simberloff 1996; Ruzzante et al. 2004; Heath et al. 2006; Garcia de Leaniz et al. 2007).  
This question is actively debated in salmon conservation (Fraser et al. 2011) as surveys 
of wild populations have reported unexpected results with regards to transplanted fish 
viability.  For example, in a large-scale analysis of wild Chinook populations in British 
Columbia, Heath et al. (2006) proposed that supplementary fish (i.e. hatchery fish) 
genomes were not integrating into wild populations.  Similar results have been 
documented for managed populations of Brown trout (Salmo trutta) in Denmark 
(Ruzzante et al. 2004).  Indeed, the lack of genetic signatures of these supplemental fish 
in the wild may indicate that the transplanted fish genomes are so negatively selected 
upon in a foreign environment that they perish prior to reproducing (Ruzzante et al. 2004; 
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Heath et al. 2006).  The functional differences between pure-type crosses, and the 
anomalous transcriptional profiles of the hybrids reported here provide clues as to the 
mechanisms of such incompatibilities.  
However, if transplanted fish do survive and succeed in hybridizing, outbreeding 
depression may be expected due to a loss of local adaptation by blending fitness-related 
phenotypes, or the production of unpredictable phenotypes due to the breakdown of co-
adapted gene complexes (Templeton 1986).  This has major implications for the 
preservation of natural stocks, since the introgression of foreign genomes via 
hybridization into the local stock may disturb the genetic composition of the wild 
populations (Templeton 1986; Rhymer & Simberloff 1996).  Some studies have 
attempted to quantify outbreeding depression in salmonids by testing for a reduction in 
fitness-related traits in hybrid salmon; however, outbreeding effects are extremely 
difficult to detect in F3 or earlier hybrid backcross generations (Edmands 2007; Tymchuk 
et al. 2007).  In this respect, the analysis of more evolutionary sensitive processes, such 
as gene expression, may serve as an effective method to determine genetic 
incompatibilities in pure-types and in early-generation hybrids to inform restocking and 
translocation efforts.  Likewise, results from this and other similar studies in Chinook 
salmon (Aykanat et al. 2011a, 2012) provide evidence for extensive non-additive 
transcription inheritance in F1 hybrids, which could be expected to drive outbreeding 
depression via the disruption of transcriptional regulation for fitness-related traits (Garcia 
de Leaniz et al. 2007).  Clearly, there are many aspects of salmon life history and 
population sub-structure that encourage us to think of salmon populations, rather than 
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species, as suitable units for management or conservation (Taylor 1991; COSEWIC 
2006). 
The frequency of non-additive transcription in hybrids was dependent on the 
source populations of parents, as there were multiple significant differences among 
hybrids families with a similar parent.  However, those effects were not predictable based 
on transcriptional differences among pure-types, nor the genetic divergence of the study 
populations (Beacham et al. 2006).  For example, QNxBQ hybrids displayed significantly 
more non-additive transcripts than QNxHR hybrids in the control treatment, which is 
exactly the opposite of what is expected based on the pure-type cross differences and the 
population genetic divergence based on microsatellite DNA data (Beacham et al. 2006). 
Such results suggest that neutral divergence is generally a poor estimate of genetic 
compatibility for Chinook salmon (at least), but also highlight the unpredictability of 
non-additive transcription in hybrids.  However, this study is the first to analyze large-
scale gene transcription profiles in both reciprocal hybrid crosses, and my analyses reveal 
that, in many cases, the reciprocal crosses significantly differ.  Those differences also 
have implications for conservation, as reciprocal hybrids may not arise in equal 
proportions in the wild; if, for example, foreign males outcompeted native males for 
mates, then the resulting hybrid offspring may be less fit then if the opposite were true (or 
vice-versa).  However, it is interesting to note the sharp contrast in the frequency of non-
additive transcription in hybrids between treatments.  Immune stimulation is thought to 
induce evolutionarily relevant expression profiles (Aykanat et al. 2012), as disease 
resistance if often suggested as a primary mechanism of adaptive divergence in salmon 
(Fraser et al. 2011).  However, rapid selection for fitness-related transcription would 
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require the inheritance of expression regulation mechanisms to stand on an additive 
genetic variance framework (Aykanat et al. 2012).  Therefore, the regulation of 
expression of many genes key to immune response is likely additively inherited, and 
hence reduced levels of non-additivity would be expected in the gene expression profiles 
of immune stimulated fish relative to at-rest (control) fish.  The substantial transcriptional 
differences among pure-types, combined with a reduction in non-additive hybrid 
transcription in a evolutionary relevant immune stress, is consistent with what one would 
expect for populations experiencing local adaptation (Fraser et al. 2011).  While non-
additive genetic variance contributing to population divergence is evolutionary important 
and interesting, it also has important implications for the practice of translocation and the 
proposed practice of “genetic rescue” (i.e. introducing foreign genomes to increase 
genetic diversity, Templeton 1986) – my results show that even intraspecific 
hybridization can lead to transcription that is extremely unpredictable due to the 
frequency of non-additive effect on transcription. Further, if transplants are necessary for 
supplementation or for re-introduction, populations ideally should be matched by 
reciprocal hybrid gene expression profiling at as many loci as possible to provide a strong 
estimate of the potential for misexpression that could lead to a reduction in fitness 
(Roberge et al. 2008; Bougas et al. 2010; Aykanat et al. 2011a).  Although such an 
approach would be costly and time-consuming, my results show that population-specific 
hybrid breakdown does occur, and thus there is a high likelihood that transcriptional 
screening of hybrids would improve long-term viability of translocated fish and minimize 
potential outbreeding depression. 
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In some cases, non-additive genetic effects were characterized by reciprocal 
crosses displaying the same phenotype, and these genes may reflect the importance of 
non-additive genetic variance for the maintenance of genetic variation crucial to 
adaptation in salmon populations (Gibson et al. 2004).  However, a substantial number of 
genes (~70% of those expressed in a non-additive fashion) displayed reciprocal cross 
disagreement in transcription across both treatments.  In general, reciprocal cross 
divergence is usually explained by sex-linkage or various forms of extra-nuclear 
inheritance (Wray et al. 2003).  However, the breeding design employed multiple 2x2 
reciprocal crosses and I did not detect specific genes that would consistently differ in 
reciprocal hybrid transcription; thus, there is no evidence for sex-linkage, and the 
breakdown of transcriptional regulation complexes is a more likely explanation (Gibson 
et al. 2004).  For example, epistatic effects, such as genetic incompatibilities in 
transcription factors, may be the cause of anomalous expression in hybrids (Gibson et al. 
2004; Aykanat et al. 2011b).  Alternatively, less understood factors such as epigenetic 
effects (e.g., genetic imprinting) could be driving reciprocal disagreements in expression 
(Wray et al. 2003).  Together these results are in agreement with many transcriptomic 
studies of inter- and intra-specific hybrids in a variety of taxonomic groups (Gibson et al. 
2004; Landry et al. 2007; Stupar et al. 2008), although especially in salmon (Roberge et 
al. 2008; Normandeau et al. 2009; Bougas et al. 2010; Aykanat et al. 2011b).  The 
prevalence of reciprocal hybrid disagreements in transcription suggests that the 
transcriptional regulation of many genes becomes compromised upon hybridization of 
natural stocks, which could theoretically have serious implications for wild populations 
where sensitive gene expression regulation is critical for survival and fitness.  Further, the 
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substantial frequency of reciprocal expression disagreement documented here is for F1 
hybrids, which is theoretically not expected since no genomic recombination has yet 
occurred between the divergent chromosomes (Lynch 1991).  Thus, conservation 
management should proceed with caution when contemplating mixing geographically 
(and genetically) separated Chinook populations via translocation or restocking, as 
genetic disruption at the level of gene expression is likely, and would have extremely 
unpredictable effects on population viability in the long term.  
The loss of fitness that occurs in outbreeding depression is thought to be the 
product of a loss of locally adapted phenotypes and/or the production of unpredictable 
phenotypes via the breakdown of co-adapted gene complexes (Lynch 1991).  The results 
reported here contribute to the notion that transcriptional regulation may constitute a 
substantial component of genetic breakdown (Schadt et al. 2003; Gibson et al. 2004; 
Roberge et al. 2008; Normandeau et al. 2009; Aykanat et al. 2011, 2012).  However, 
functional analysis of the genes that displayed non-additive transcription revealed that 
these effects do not seem to be biased by gene function, which suggests that drift, rather 
than adaptation, may have driven the divergence among populations that is then disrupted 
in hybridization (Lynch 1991).  Alternatively, given that the expression of genes across a 
variety of biological functions can be induced or repressed by common regulatory 
elements (Wray et al. 2003) – it may be that the disruption of transcriptional regulation 
simultaneously affects the expression of genes with diverse functions, rather than 
disruption being localized to specific functional groups.  Also, the transcriptional 
breakdown documented here is for F1 hybrids, where parental genomes have not yet 
recombined, and co-adapted cis-acting transcriptional regulation mechanisms should still 
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be intact (Templeton 1986);  F2 or later generation backcrossed hybrids may disrupt these 
elements, and perhaps then gene expression analysis would detect function-specific 
breakdown (Bougas et al. 2010). 
This study shows how assaying hybrid transcription patterns across hundreds of 
genes is a powerful method to address concerns regarding the potential effects of 
population hybridization.  I detected substantial transcriptional differences among pure-
types from the four populations to varying degrees, depending on treatment and 
population contrasts. Those differences were consistent with divergence due to drift as 
well as local adaptation; in fact, the sharp contrast in transcription profiles between 
treatments hints to the mechanistic basis of local adaptation, and warrants further 
exploration.  Non-additive inheritance of gene transcription was remarkably prevalent in 
hybrids, and while this provides important information on the processes that mediate 
rapid population-level adaptation, the lack of correspondence between reciprocal hybrid 
transcription leads to serious conservation implications. Indeed, my results and those of 
others (Schadt et al. 2003; Gibson et al. 2004; Stupar et al. 2008; Aykanat et al. 2011, 
2012) suggest a re-evaluation of how transcription phenotypes are genetically controlled 
and may therefore evolve.  Most importantly, this study contributes to the development of 
more effective conservation actions for salmonids by highlighting the power of gene 
expression profile analysis in hybrids to characterize the consequences of hybridization 
and minimize transcriptional breakdown that could negatively impact the fitness of wild 
populations. 
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Table 3.1: Number of genes displaying non-additive transcription in reciprocal hybrids of Chinook salmon (Oncorhynchus 
tshawytscha) from British Columbia, Canada (population abbreviations as in Figure 1).  Non-additive reciprocal hybrid transcription is 
classified into three patterns: 1) reciprocal hybrid agreement 2) reciprocal hybrid disagreement where one hybrid is additive and the 
other is not, and 3) reciprocal hybrid disagreement where both hybrids are non-additive.  A visual representation of the expression 
patterns is shown in the first column, with the y-axis displaying the log(intensity) of a gene and the x-axis separates pure-types (left 
and right extremes) and reciprocal hybrids (middle), although non-additive transcription where pure-types were not significantly 
different are included.  A percentage of the total non-additive transcription described by each pattern is also shown. Normal and bold 
underlined font indicate control and immune stimulated fish respectively.  Supercripts describe significant differences (p<0.05, 
pairwise chi-square with FDR) among crosses (a,b) and among patterns (w,x,y). 
 
 
Expression Pattern HR-QN HR-BQ HR-RC QN-BQ QN-RC BQ-RC Total % 
 
5 / 8 9 / 9 6 / 0 9 / 5 2 / 3 2 / 3 33w / 28w 30 / 31 
 
16 / 18 25 / 12 28 / 19 24 / 17 25 / 15 13 / 9 131x / 90x 58 / 51 
 
0 / 3 3 / 7 2 / 0 4 / 2 3 / 1 1 / 3 13y / 16y 12 / 18 
Total 21ab / 29 37b / 28 36b / 19 37b / 24 30ab / 19 17a / 15 177 / 134  
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Figure 3.1:  Map of British Columbia (Canada) indicating the locations the three Vancouver Island and one southwestern British 
Columbia Chinook salmon populations sampled for the pairwise reciprocal breeding experiment.  The three Vancouver Island sites 
include two east coast populations (Quinsam River (QN) and Big Qualicum River (BQ)) and one west coast population (Robertson 
Creek (RC)).  Harrison River (HR) was the only mainland population.
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Figure 3.2: Chinook salmon (Oncorhynchus tshawytscha) breeding design used to 
generate pure-type and reciprocal hybrids.  Adults were sampled from four wild 
populations (HR: Harrison River, QN: Quinsam River, BQ: Big Qualicum River, RC: 
Robertson Creek) in British Columbia, Canada to create pure (shaded boxes) and 
reciprocal hybrid (white boxes) families of fish in six unique reciprocal crosses.  The 
design was replicated four times using different male-female pairs of fish from each 
population.  Transcription was analyzed in gill tissues of approximately three fish per 
family per replicate design.  The total number of samples per family collected over the 
four replicates is shown inside the boxes for control (normal font) and immune stimulated 
(bold font) fish.
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Figure 3.3:  Frequency (number of genes) of transcriptional differences among pure-type 
juvenile Chinook salmon (Oncorhynchus tshawytscha) bred from four distinct wild 
populations (population abbreviations as in Figure 1).  Panel A shows the number of 
transcriptional differences for each pairwise population comparison.  Panel B shows the 
sum of pairwise differences for each population (3 pairwise comparisons per population).  
Within each panel, left and right sections separate tissues analyzed in control and immune 
stimulated fish.  The x-axis denotes the number of significantly different genes (p<0.01, 
ANOVA), with dashed lines indicating the mean (SE <0.05 for each line) number of 
significant differences expected by chance (FDR).
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Figure 3.4: Histograms of the number of non-additive transcripts detected in reciprocal 
hybrids created from four wild populations of Chinook salmon, grouped by reciprocal 
hybrids that share a parent.  Results are shown for each hybrid (x-axis denotes reciprocal 
hybrid type, where the first two letters correspond to the female parental population) per 
treatment (control and immune stimulated - top and bottom panels respectively).  
Significant differences within groups are shown with superscripts (p<0.05, chi-square 
with FDR).
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Figure 3.5:  Scatterplot of the number of non-additive transcripts detected in reciprocal hybrid families of Chinook salmon 
(Oncorhynchus tshawytscha) created from six reciprocal pairings of wild fish sampled from British Columbia, Canada, in control (left) 
and immune stimulated (right) treatments.  Reciprocal hybrids are plotted on the left and right extremes of the x-axis for each population 
cross.  Non-additive transcripts were determined via ANOVA comparisons of hybrid family expression levels to their mid-parental values 
of corresponding pure-types (p<0.01). Significant differences (p<0.05, pairwise chisquare, FDR) in the number of non-additive transcripts 
between reciprocal hybrid types (!x" vs "x!) are shown with dashed lines.  Bold horizontal dashed line indicates the number of 
expected non-additive transcripts due to chance. 
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Figure 3.6:  Distribution of genes displaying non-additive transcription in population-specific hybrids of Chinook salmon 
(Oncorhynchus tshawytscha) from British Columbia, Canada by putative gene function.  Population abbreviations as in Figure 1.  Pie 
graphs represent different functional categories with the total number of genes per graph in brackets. There were no significant 
differences in the number of genes among hybrid families within a functional category, nor were there differences in the numbers of 
genes per hybrid family among functional categories (p>0.05, pairwise chi-square with FDR). Data is shown for the control treatment 
only (see methods), although similar results were found in the immune treatment.!
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CHAPTER 4 
 
CONLUSION 
!
Changes in transcriptional regulation constitute a significant component of the 
genetic basis for evolutionary change (Wray et al. 2003), and thus characterizing the 
evolution of gene expression is fundamental to bridging the genotype-phenotype 
knowledge gap (Gibson & Weir 2005).  Local adaptation plays a central role for 
divergence and speciation, and provides a scenario where the evolution of gene 
expression has likely occurred.  It is generally accepted that salmon species are locally 
adapted (Fraser et al. 2011).  Therefore, the co-evolution of gene expression regulation 
among gene loci of diverse function is plausible for salmon populations.  This thesis 
analyzes the first step of gene expression (i.e., transcription) in Chinook salmon 
(Oncorhynchus tshawytscha) populations and provides a preliminary characterization of 
the molecular mechanisms that underlie population divergence. 
 Chapters 2 & 3 embrace the power of quantitative genetic modeling in a targeted 
common garden breeding design.  In Chapter 2, I analyze transcription in multiple half-
sib families of fish to elucidate the genetic architecture of population differentiation.  I 
describe genetic architecture by partitioning additive, non-additive, and maternal sources 
of transcriptional variation for a suite of evolutionary interesting genes.  Interestingly, 
population divergence in gene expression of many genes did not follow what would be 
expected under the principles of Fisherian evolution.  In Chapter 3, I examined the 
genetic architectures in a population-specific manner.  I documented extensive non-
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additive transcription in reciprocal hybrids, and defined patterns that could lead to 
outbreeding depression in gene expression.  
 A significant contribution of this thesis lies in the identification of non-additive 
and maternal genetic effects constituting a major component of population differentiation 
in gene transcription.  To my knowledge, the work shown here is the most extensive 
study, in terms of the number of gene loci and fish assayed, specifically designed to 
quantitatively partition population differentiation in gene expression in any organism to 
date.  Clearly, transcriptional traits may not necessarily follow an additive genetic mode 
of inheritance in salmon.  Although it is reasonable to assume that these findings may 
also apply to other species, particularly those that persist despite having either low 
genetic diversity, experience limited gene flow, have low effective population sizes, or 
are locally adapted.  Many of the genes I assayed play key roles in biological processes 
common to most eukaryotes, such as genes fundamental to glycolysis, cell respiration, 
and innate immune response.  Therefore, I do not expect the non-additive or maternal 
genetic effects on transcriptional variation that I document here to stem from salmon-
specific gene expression, although maternal genetic effects may be less relevant for 
species that employ little or no maternal provisioning.  Rather, the genetic architecture of 
small and isolated populations in many organisms that are required to rapidly evolve may 
at least partially consist of such genetic effects.  This may explain some of the contrasting 
results about transcriptional inheritance for natural populations in the literature.  For 
example, transcriptional regulation inheritance in natural populations of Drosophila 
melanogaster have been shown to be predominantly additive (Hughes et al. 2006).  
Given that populations of this species have high genetic diversity (David & Capy 1988) 
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and enormous effective population sizes (relative to that of salmon, Hawks et al. 2000; 
Shrimpton & Heath 2003), perhaps additive transcriptional inheritance is enough to 
provide adequate evolutionary potential, where this is not the case for salmon.  Indeed, it 
would be interesting to analyze the genetic architecture of multiple species (using a 
common breeding design) to determine if non-additive and perhaps maternal effects are a 
function of specific population genetic characteristics. 
 A second contribution of this thesis is the assessment of the biological importance 
of divergence in transcriptional regulation among natural salmon populations. My results 
bring up two important points:  First, gene expression profiling of pure-type fish revealed 
population-specific transcription that was consistent with what would be expected for 
populations experiencing neutral (drift) and adaptive divergence, and hence may indicate 
that these fish may be mal-adapted outside their native habitats.  Second, intraspecific 
hybrids displayed substantial non-additive transcription that could lead to outbreeding 
depression in gene expression.  This has obvious implications for conservation 
management of the species; the preservation of natural biodiversity may be fundamental 
to the survival of salmon populations, and thus population mixing should be limited when 
possible.  The seriousness of outbreeding may not arise until after several generations of 
backcrossing (Gilk et al. 2004).  Salmon have low recombination rates (Ohno 1970), and 
thus cis-acting transcriptional regulation may not be disrupted until after several 
generations of backcrossing.  This highlights the importance of screening for hybrid 
breakdown in transcription as early as possible, given that it may be too late to salvage 
wild populations once divergent genomes have been introgressed (Templeton 1986).  
Indeed, the potential for outbreeding depression demonstrated in early-generation hybrid 
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transcription, combined with the evidence for neutral and adaptive divergence among 
natural populations, may explain the lack of genetic signatures from transplanted fish in 
the wild.  These results should also serve as a warning for the hybridization of divergent 
populations in other species, since outbreeding effects may arise rapidly in F2 other later 
generations when recombination rates are high.  Finally, the results I present here also 
have wide ranging implications for the practice of aquaculture or animal farming in 
general, as escapes of domesticated animals may seriously threaten the genetic 
composition of wild populations due to the genetic divergence driven by artificial 
selection.  
Future directions 
 
The ultimate goal of this study was to understand the genetic basis of transcription 
in salmon.  An extensively replicated reciprocal breeding design would allow for 
simultaneous estimates of other genetic parameters not assessed in this study; for 
example, estimating among- and within-population genetic effects (i.e. additive, non-
additive, and maternal). Indeed, the prevalence of non-additive and maternal genetic 
effects on the among-population transcriptional variance raises the question as to the 
nature of molecular mechanisms responsible for these effects.  The substantial negative 
maternal effects I document here are especially curious, and definitely warrant some 
exploration.  An estimate of among- and within-population variation in transcription may 
reveal how negative maternal effects result from transcriptional differences; that is, do 
they arise when populations are crossed, or are they also present within populations? 
 Gene expression profiling also has the potential to reveal genetic signatures 
closely associated with fitness (Miller et al. 2011).  Including a fitness estimate, such as 
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growth, in transcriptional variance partitioning could seriously benefit our understanding 
of the importance of specific effects for selective divergence.  Intraspecific hybridization 
studies (such as the one presented in this thesis) would also benefit from this type of 
analysis; the idea being to link patterns of reciprocal hybrid expression disagreement with 
evolutionary dead ends, such as mal-adaptive physiology or mortality.  Next-generation 
sequencing techniques could also be employed to identify genomes that lead to mal-
adaptive phenotypes or reciprocal hybrid disagreement in expression; whole-genome and 
transcriptome sequencing would expand our ability to detect genotypes and phenotypes 
that may bring about such effects. Finally, given the prevalence of non-additive genetic 
affects driving population divergence in transcription, it would be interesting to 
investigate fitness-related traits in developmental periods known to be highly associated 
with non-additive genetic components, such as the early life stages of Chinook salmon 
where maternal effects are known to be significant (Heath et al. 1999).   
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APPENDICES  
Appendix A 
 
Evolutionary interesting genes chosen for surveying transcription in Chinook salmon (Oncorhynchus tshawytscha) using DNA 
microarrays.  Each gene was assigned a unique “Heathlab code”.  Top BLASTn hits for the sequences used to generated probes for the 
microarrays are also shown.  A complete list of the sequenes picked for the microarray, their annotation, and the sequences of their 
corresponding probes can be found at http://www.uwindsor.ca/glier/system/files/ChinookMicroarray.txt. 
 
Heathlab code Top BLASTn hit 
HEATH001 Oncorhynchus mykiss 14-3-3G1 protein (LOC100136198), mRNA  
HEATH007 oreochromis niloticus abl interactor 1- transcript variant 2 mrna 
HEATH008 Salmo salar clone ssal-eve-540-215 Lysozyme C II precursor putative mRNA, complete cds 
HEATH009 Oncorhynchus tshawytscha acidic ribosomal phosphoprotein P0 mRNA, partial cds 
HEATH010 Oncorhynchus mykiss actin related protein 2/3 complex, subunit 3 (arpc3), mRNA  
HEATH011 Salmo salar clone HM4_1447 actin alpha 1-1 (actc1-1) mRNA, complete cds 
HEATH012 Salmo salar clone ssal-rgf-524-146 Medium-chain specific acyl-CoA dehydrogenase,complete cds 
HEATH013 Salmo salar clone ssal-rgf-522-048 Adenylate cyclase type 7 putative mRNA, pseudogene cds 
HEATH014 Salmo salar clone ssal-evd-521-296 Adenylate kinase putative mRNA, complete cds 
HEATH015 Oncorhynchus kisutch mRNA for transferrin, complete cds 
HEATH016 Salmo salar clone ssal-evf-514-050 Aflatoxin B1 aldehyde reductase member 2 putative mRNA, complete cds 
HEATH017 Oncorhynchus mykiss aryl hydrocarbon receptor beta (LOC100135875), mRNA  
HEATH018 Oncorhynchus tshawytscha aryl hydrocarbon receptor (AhR) mRNA, partial cds 
HEATH019 Salmo salar Alcohol dehydrogenase class-3 (adhx), mRNA  
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HEATH020 Salmo salar alcohol dehydrogenase class 3 (ADH3) mRNA, complete cds 
HEATH021 Epinephelus coioides alcohol dehydrogenase Class VI mRNA, partial cds 
HEATH022 Salmo salar aldehyde dehydrogenase family 7 member A1 homolog (al7a1), mRNA  
HEATH023 Salmo salar clone HM4_2075 aldolase a, fructose-bisphosphate 1 mRNA, complete cds 
HEATH024 Oncorhynchus tshawytscha aldolase B gene, partial cds 
HEATH025 Salmo salar clone HM4_2075 aldolase a, fructose-bisphosphate 1 mRNA, complete cds 
HEATH026 Salmo salar clone ssal-rgf-527-232 Aldose reductase putative mRNA, complete cds 
HEATH027 Salmo salar tubulin, alpha 8 like 3-1 (LOC100380276), mRNA  
HEATH028 Salmo salar clone ssal-rgf-532-176 Alpha-N-acetylgalactosaminidase putative mRNA, partial cds 
HEATH029 Oncorhynchus nerka alpha tubulin subunit mRNA, complete cds 
HEATH030 Salmo salar clone ssal-evf-553-273 AMBP protein precursor putative mRNA, complete cds 
HEATH031 Osmerus mordax clone omor-eva-505-163 Amine sulfotransferase putative mRNA, complete cds 
HEATH032 Oncorhynchus tshawytscha antithrombin-like gene, partial sequence 
HEATH033 Salmo salar antithrombin protein (antithrombin), mRNA  
HEATH034 Oncorhynchus tshawytscha isolate tRNA-Glx (trnZ) gene, partial sequence 
HEATH035 Oncorhynchus mykiss apolipoprotein A-I-1 (apoa-i-1), mRNA  
HEATH036 Salmo salar clone ssal-plnb-513-085 Apolipoprotein A-IV precursor putative mRNA, complete cds 
HEATH037 Salmo salar Apolipoprotein C-I (apoc1), mRNA  
HEATH038 Oncorhynchus mykiss apolipoprotein E (apoe), mRNA  
HEATH039 Oncorhynchus mykiss arginase type IIb mRNA, partial cds 
HEATH040 Salmo salar Arginine/serine-rich coiled-coil protein 1 (rsrc1), mRNA  
HEATH041 Oncorhynchus mykiss aryl hydrocarbon receptor nuclear translocator (arnt), mRNA  
HEATH042 Oncorhynchus tshawytscha mitochondrion, complete genome 
HEATH043 Oncorhynchus mykiss clone omyk-evn-510-114 Cytochrome c oxidase polypeptide VIc precursor putative mRNA, complete cds 
HEATH044 Oncorhynchus tshawytscha voucher Ot003 ATPase 8 and ATPase 6 genes, complete cds; mitochondrial 
HEATH045 Salmo salar clone ssal-evd-546-102 ATP synthase subunit delta, mitochondrial precursor putative mRNA, complete cds 
HEATH046 Salmo salar clone HM5_0718 ATP synthase H+ transporting mitochondrial F1 complex beta (atp5b) mRNA 
HEATH047 Sus scrofa fibrinogen beta chain-like (LOC100739222), miscRNA 
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HEATH048 Oncorhynchus tshawytscha beta actin mRNA, complete cds 
HEATH049 Oncorhynchus mykiss clone omyk-evo-507-240 Beta-2-microglobulin precursor putative mRNA, complete cds 
HEATH050 Salmo salar clone ssal-rgf-001-050 Tubulin beta-1 chain putative mRNA, complete cds 
HEATH051 Salmo salar clone ssal-rgg-506-208 C-C motif chemokine 19 precursor putative mRNA, complete cds 
HEATH052 Salmo salar clone ssal-eve-527-306 C-C motif chemokine 25 precursor putative mRNA, complete cds 
HEATH053 Oncorhynchus tshawytscha C-polysaccharide binding protein gene, partial cds 
HEATH054 Salmo salar clone ssal-evf-553-193 Complement component 1 Q subcomponent-binding protein, complete cds 
HEATH055 Oncorhynchus mykiss C1 inhibitor (LOC100136072), mRNA  
HEATH056 Oncorhynchus mykiss complement component C3 mRNA, partial cds 
HEATH057 Canis lupus familiaris complement component 3 (C3), mRNA 
HEATH058 tetraodon nigroviridis full-length cdna 
HEATH059 Oncorhynchus mykiss complement component C5 mRNA, partial cds 
HEATH060 Oncorhynchus mykiss complement component C9 (LOC100136130), mRNA  
HEATH061 Oncorhynchus mykiss clone omyk-evo-509-246 Calcium and integrin-binding protein 1 putative mRNA, complete cds 
HEATH062 Makaira nigricans sarcoplasmic/endoplasmic reticulum calcium ATPase 1B mRNA, complete cds 
HEATH063 Salmo salar clone ssal-rgf-539-230 Calreticulin precursor putative mRNA, partial cds 
HEATH064 Salmo salar clone ssal-rgf-511-368 cAMP-dependent protein kinase catalytic subunit beta putative mRNA, complete cds 
HEATH065 Salmo salar clone ssal-eve-533-265 Carbonic anhydrase 12 precursor putative mRNA, complete cds 
HEATH066 Salmo salar clone ssal-eve-533-351 Carbonyl reductase 1 putative mRNA, complete cds 
HEATH067 Danio rerio aminocarboxymuconate semialdehyde decarboxylase (acmsd), mRNA  
HEATH068 Oncorhynchus tshawytscha catalase (CAT) mRNA, partial cds 
HEATH069 Salmo salar Catalase (cata), mRNA  
HEATH070 Taeniopygia guttata similar to catenin, alpha 1 (LOC100219688), mRNA 
HEATH071 Oncorhynchus mykiss cathepsin D (LOC100136761), mRNA  
HEATH072 Salmo salar clone ssal-evf-540-233 Cathepsin H precursor putative mRNA, complete cds 
HEATH073 Anoplopoma fimbria clone afim-evh-505-213 Cathepsin L precursor putative mRNA, complete cds 
HEATH074 Caligus clemensi clone ccle-evs-509-283 Cathepsin L1 precursor putative mRNA, complete cds 
HEATH075 Salmo salar clone ssal-rgh-519-024 Cathepsin S precursor putative mRNA, complete cds 
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HEATH076 Oncorhynchus mykiss cathepsin Y (cathy), mRNA  
HEATH077 Oncorhynchus mykiss cathepsin Y (cathy), mRNA  
HEATH078 Salvelinus alpinus mRNA for cystein inhibitor protein ( 
HEATH079 oncorhynchus mykiss complement factor b c2-b (bfc2-b) mrna 
HEATH080 Oncorhynchus tshawytscha cytoplasmic beta actin (CBA) mRNA, partial cds 
HEATH081 Oncorhynchus mykiss complement factor B/C2 (LOC100653464), mRNA  
HEATH082 Salmo salar clone ssal-rgf-526-259 Cell cycle control protein 50A putative mRNA, complete cds 
HEATH083 Danio rerio cellular retinoic acid binding protein 1a, mRNA (cDNA clone MGC:110497 IMAGE:7157841), complete cds 
HEATH084 Oreochromis niloticus ceruloplasmin (ferroxidase) (CP), mRNA 
HEATH085 Carassius auratus ceruloplasmin (CP) mRNA, partial cds 
HEATH086 Oncorhynchus mykiss complement factor H (cfh), nuclear gene encoding mitochondrial protein, mRNA  
HEATH087 Oncorhynchus mykiss Small inducible cytokine A13 (ccl13), mRNA  
HEATH088 Salmo salar clone ssal-rgg-506-208 C-C motif chemokine 19 precursor putative mRNA, complete cds 
HEATH089 Lates calcarifer citrate synthase mRNA, complete cds 
HEATH090 Oncorhynchus mykiss thrombin B chain variant 1 mRNA, partial cds 
HEATH091 Salmo salar hyperosmotic glycine rich protein (LOC100136385), mRNA  
HEATH092 Oncorhynchus mykiss complement component C8 gamma (LOC100136109), mRNA  
HEATH093 Oncorhynchus mykiss complement component C9 (LOC100136130), mRNA  
HEATH094 Oncorhynchus tshawytscha cyclooxygenase-2 (COX-2) mRNA, partial cds 
HEATH095 Oncorhynchus mykiss carbamoyl-phosphate synthase 1, mitochondrial (cps1), nuclear gene encoding mitochondrial protein, mRNA  
HEATH096 Oreochromis niloticus carnitine O-palmitoyltransferase 2, mitochondrial-like (LOC100706914), mRNA 
HEATH097 Salmo salar clone HM5_3105 creatine kinase-4 (ckm4) mRNA, complete cds 
HEATH098 Oncorhynchus mykiss brain creatine kinase b (LOC100301659), mRNA  
HEATH099 Salmo salar clone HM5_3105 creatine kinase-4 (ckm4) mRNA, complete cds 
HEATH100 Salmo salar clone HM5_0991 creatine kinase-3 (ckm3) mRNA, complete cds 
HEATH101 Oncorhynchus mykiss corticotropin releasing factor precursor (LOC100135941), mRNA  
HEATH102 Oncorhynchus tshawytscha cryptochrome 2b gene, partial sequence 
HEATH103 Oncorhynchus mykiss C type lectin receptor B (LOC100301666), mRNA  
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HEATH104 Oncorhynchus tshawytscha CXC-like chemokine mRNA, partial cds 
HEATH105 Salmo salar Cyclic AMP-dependent transcription factor ATF-4 (atf4), mRNA  
HEATH106 Oncorhynchus mykiss cyclin B2 (LOC100136691), mRNA  
HEATH107 Salmo salar clone ssal-evd-552-121 Cyclin-G1 putative mRNA, complete cds 
HEATH108 Oncorhynchus tshawytscha cytochrome p450 family 1A (CYP1A) mRNA, partial cds 
HEATH109 Oncorhynchus mykiss cytochrome P450 1A2 (CYP1A2) mRNA, complete cds 
HEATH110 Oncorhynchus mykiss cytochrome P450 1A2 (CYP1A2) mRNA, complete cds 
HEATH111 Oncorhynchus mykiss cytochrome P450 family 1 subfamily B polypeptide 1 (cyp1b1), mRNA  
HEATH112 Oncorhynchus mykiss cytochrome P450 family 1 subfamily C polypeptide 1 (cyp1c1), mRNA  
HEATH113 Oncorhynchus mykiss cytochrome P450 family 1 subfamily C polypeptide 2 (cyp1c2), mRNA  
HEATH114 Oncorhynchus mykiss cysteine proteinase gene, partial cds 
HEATH115 Salmo salar Cysteine and glycine-rich protein 1 (csrp1), mRNA  
HEATH116 Oncorhynchus tshawytscha voucher Ot005 cytochrome oxidase subunit II (COII) gene, partial cds; mitochondrial 
HEATH117 Salmo salar clone ssal-rgg-515-376 Cytidine deaminase putative mRNA, complete cds 
HEATH118 Salmo salar clone ssal-rgg-509-006 Cytochrome b-c1 complex subunit 9 putative mRNA, complete cds 
HEATH119 Oncorhynchus tshawytscha voucher Ot004 cytochrome oxidase subunit I (COI) gene, complete cds; mitochondrial 
HEATH120 Salmo salar clone ssal-evd-501-285 Cytochrome b-c1 complex subunit 7 putative mRNA, complete cds 
HEATH121 Oncorhynchus mykiss cytochrome P450 2K4 (cyp2k4), mRNA  
HEATH122 Oncorhynchus mykiss cytochrome P450 monooxygenase CYP2K1v3 (CYP2K1v3) mRNA, complete cds 
HEATH123 Oncorhynchus tshawytscha voucher Ot004 cytochrome oxidase subunit I (COI) gene, complete cds; mitochondrial 
HEATH124 Siniperca chuatsi hypothetical protein mRNA, complete cds 
HEATH125 Salmo salar clone ssal-rgb2-504-078 Dexamethasone-induced Ras-related protein 1 precursor putative mRNA, complete cds 
HEATH126 Sebastes schlegelii mRNA, clone: BRF 40-D4, induced by treatment of LPS and Con A/PMA 
HEATH127 Salmo salar clone ssal-evd-572-273 Dynactin subunit 6 putative mRNA, complete cds 
HEATH128 Salmo salar clone ssal-eve-516-342 Ecto-ADP-ribosyltransferase 5 precursor putative mRNA, complete cds 
HEATH129 Salmo salar clone ssal-eve-516-342 Ecto-ADP-ribosyltransferase 5 precursor putative mRNA, complete cds 
HEATH130 Oncorhynchus mykiss elongation factor EF1 alpha (LOC100136004), mRNA  
HEATH131 Salmo salar clone ssal-rgb2-613-381 Elongation factor 1-delta putative mRNA, complete cds 
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HEATH132 Oncorhynchus tshawytscha leukocyte elastase inhibitor gene, partial cds 
HEATH133 Esox lucius clone eluc-evq-519-379 Elastase-1 putative mRNA, complete cds 
HEATH134 Acanthopagrus latus elastase-like serine protease mRNA, complete cds 
HEATH135 Paralichthys olivaceus mRNA for elastase 3 precursor, complete cds 
HEATH136 Salmo salar clone ssal-rgf-501-088 Elongation factor 2 putative mRNA, partial cds 
HEATH137 Salmo salar clone HM5_1684 enolase 3-2 mRNA, complete cds 
HEATH138 Salmo salar Gamma-enolase (enog), mRNA  
HEATH139 Oncorhynchus mykiss ependymin (om-i), mRNA  
HEATH140 Oncorhynchus mykiss ependymin (om-i), mRNA  
HEATH141 Salmo salar clone ssal-eve-522-218 Ependymin precursor putative mRNA, complete cds 
HEATH142 Salmo salar excision repair cross-complementing rodent repair deficiency, complementation group 1 (ercc1), mRNA  
HEATH143 Salmo salar clone ssal-rgf-532-379 Eukaryotic translation initiation factor 2 subunit 2 putative mRNA, complete cds 
HEATH144 Oreochromis niloticus 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2-like (LOC100703776), mRNA 
HEATH145 Oncorhynchus mykiss fatty acid binding protein H-FABP (LOC100136763), mRNA  
HEATH146 Salmo salar clone ssal-eve-527-363 FADD putative mRNA, complete cds 
HEATH147 Salmo salar clone ssal-eve-505-030 Fatty acid-binding protein, intestinal putative mRNA, complete cds 
HEATH148 Hordeum vulgare subsp. vulgare mRNA for predicted protein, complete cds, clone: NIASHv1055P02 
HEATH149 Oncorhynchus tshawytscha ferritin H mRNA, partial cds 
HEATH150 Oreochromis niloticus hypothetical protein LOC100693197 (LOC100693197), mRNA 
HEATH151 Plecoglossus altivelis mRNA for fibrinogen beta chain precursor 
HEATH152 plecoglossus altivelis mrna for fibrinogen gamma chain precursor (fgg gene) 
HEATH153 oncorhynchus mykiss mrna for fish virus induced trim protein (fintrim gene) clone rtg43 
HEATH154 Oreochromis niloticus mitochondrial fission process protein 1-like (LOC100700862), mRNA 
HEATH155 4Gossypium hirsutum cellulose synthase (celA2) mRNA, partial cds 
HEATH156 Salmo salar cyclin B3 (ccnb3), mRNA  
HEATH157 Salmo salar clone ssal-rgf-521-219 Glucose-6-phosphate isomerase putative mRNA, complete cds 
HEATH158 Danio rerio gamma-aminobutyric acid receptor subunit beta-3-like (LOC566922), mRNA 
HEATH159 Salmo salar clone ssal-eve-568-297 Beta-galactoside-binding lectin putative mRNA, complete cds 
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HEATH160 Salmo salar clone ssal-plnb-025-196 Glyceraldehyde-3-phosphate dehydrogenase putative mRNA, complete cds 
HEATH161 proglucagon {3' region} [Chinook salmon, pancreas, mRNA Partial, 400 nt] 
HEATH162 Oncorhynchus mykiss glucose transporter 1A (glut1a), mRNA  
HEATH163 Oncorhynchus mykiss hepatic glucose transporter GLUT2 (LOC100135945), mRNA  
HEATH164 Oncorhynchus mykiss glutamine synthetase (gs02), mRNA  
HEATH165 Oncorhynchus mykiss glutamine synthetase (gs01), mRNA  
HEATH166 Oncorhynchus mykiss glutathione peroxidase mRNA, partial cds 
HEATH167 Salmo salar clone ssal-rgf-524-172 Glutathione reductase, mitochondrial precursor putative mRNA, complete cds 
HEATH168 Osmerus mordax clone omor-rgc-511-315 Glycerol-3-phosphate dehydrogenase, cytoplasmic putative mRNA, complete cds 
HEATH169 Salmo salar clone HM4_3995 transposase-like mRNA, partial cds 
HEATH170 Salmo salar phosphorylase, glycogen (muscle) A (pygma), mRNA  
HEATH171 Salmo salar clone ssal-rgb2-564-258 Glycogenin-1 putative mRNA, complete cds 
HEATH172 Salmo salar phosphorylase, glycogen (muscle) A (pygma), mRNA  
HEATH173 Oreochromis mossambicus glycogen synthase (GS) mRNA, complete cds 
HEATH174 Oncorhynchus mykiss nuclear receptor subfamily 3, group C, member 1 (glucocorticoid receptor) (nr3c1), mRNA  
HEATH175 Oncorhynchus mykiss glucocorticoid receptor 2 (LOC100136209), mRNA  
HEATH176 Salmo salar high-mobility group box 1 (hmgb1), mRNA  
HEATH177 Oncorhynchus tshawytscha insulin-like growth factor binding protein-1a mRNA, complete cds 
HEATH178 Oncorhynchus tshawytsha GTP-binding protein mRNA, complete cds 
HEATH179 Salmo salar clone HM5_1678 guanidinoacetate N-methyltransferase (gamt) mRNA, complete cds 
HEATH180 Salmo salar guanine nucleotide binding protein (G protein), alpha inhibiting activity polypeptide 2 (gnai2), mRNA  
HEATH181 Salmo salar clone ssal-eve-576-208 Histone H2AV putative mRNA, complete cds 
HEATH182 Oncorhynchus mykiss haptoglobin mRNA, partial cds 
HEATH183 Oncorhynchus mykiss hemopexin-like protein variant 1 mRNA, partial cds 
HEATH184 Oncorhynchus mykiss hepcidin mRNA, complete cds 
HEATH185 Oncorhynchus mykiss putative hepcidin antibacterial peptide mRNA, partial cds 
HEATH186 Oncorhynchus mykiss clone omyk-evo-503-169 High choriolytic enzyme 1 precursor putative mRNA, complete cds 
HEATH187 Oncorhynchus mykiss heat shock cognate protein 70a (hsc70a), mRNA 
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HEATH188 Oncorhynchus mykiss heat shock cognate protein 70a (hsc70a), mRNA 
HEATH189 Oncorhynchus tshawytscha isolate Ots_31 heat shock factor 1b (hsf1b) gene, partial cds and 3' UTR 
HEATH190 Oncorhynchus tshawytscha isolate Ots_30 heat shock factor 2 (hsf2) gene, partial cds and 3' UTR 
HEATH191 Oncorhynchus mykiss hspb1 mRNA for heat shock 27kDa protein 1 transcript variant 2, complete cds 
HEATH192 Oncorhynchus tschawytscha heat shock protein 30 (HSP30) mRNA, complete cds 
HEATH193 Oncorhynchus mykiss heat shock protein 47 (hsp47), mRNA  
HEATH194 Oncorhynchus tschawytscha heat shock protein 70 (HSP70) mRNA, complete cds 
HEATH195 Oncorhynchus tshawytscha heat shock protein hsp90 mRNA, complete cds 
HEATH196 Oncorhynchus mykiss heat shock 90kDa protein 1 beta isoform b (hsp90bb), mRNA  
HEATH197 Oncorhynchus mykiss heat shock 90kDa protein 1 beta isoform a (hsp90ba), mRNA  
HEATH198 Oncorhynchus mykiss heat shock 90kDa protein 1 beta isoform a (hsp90ba), mRNA  
HEATH199 Salmo salar clone ssal-rgf-522-184 Cold-inducible RNA-binding protein putative mRNA, complete cds 
HEATH200 Oncorhynchus tschawytscha clone OtIGFI-117A alternatively spliced insulin-like growth factor-I (IGF-I) mRNA, complete cds 
HEATH201 Oncorhynchus mykiss insulin-like growth factor II (igf2), mRNA  
HEATH202 Oncorhynchus tshawytscha insulin-like growth factor-binding protein 3 mRNA, complete cds 
HEATH203 Oncorhynchus tshawytscha insulin-like growth factor-binding protein 5 mRNA, partial cds 
HEATH204 Oncorhynchus tshawytscha putative immunoglobulin mu heavy chain mRNA, partial cds 
HEATH205 Oncorhynchus tshawytscha putative interleukin 1 mRNA, partial cds 
HEATH206 Oncorhynchus tshawytscha putative interleukin 8 receptor mRNA, partial cds 
HEATH207 Oncorhynchus mykiss interleukin 10 (il10), mRNA 
HEATH208 Oncorhynchus mykiss interleukin-12 beta chain (il12b), mRNA  
HEATH209 Oncorhynchus mykiss interleukin 15 (il15), mRNA  
HEATH210 Oncorhynchus mykiss partial mRNA for Interleukin-2  
HEATH211 oncorhynchus mykiss interleukin-6 (il-6) mrna 
HEATH212 Oncorhynchus tshawytscha putative interleukin 8 mRNA, partial cds 
HEATH213 Oncorhynchus mykiss mRNA for interferon gamma2 
HEATH214 oncorhynchus mykiss interferon gamma 1 mrna 
HEATH215 Dicentrarchus labrax chromosome sequence corresponding to linkage group 1, top part, complete sequence 
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HEATH216 Oncorhynchus mykiss insulin receptor a (IRa) mRNA, partial cds 
HEATH217 Oncorhynchus mykiss insulin receptor c (IRc) mRNA, partial cds 
HEATH218 Oncorhynchus mykiss insulin receptor 2 mRNA, partial cds 
HEATH219 Oncorhynchus mykiss clone omyk-evo-501-202 Interferon-inducible protein putative mRNA, complete cds 
HEATH220 Oncorhynchus tshawytscha interleukin-1 beta mRNA, partial cds 
HEATH221 Salmo salar clone HM4_1821 KRAB box and zinc finger C2H2 type domain containing protein mRNA, partial cds 
HEATH222 Salmo salar lactate dehydrogenase A4 (ldha), mRNA  
HEATH223 Oncorhynchus mykiss LDL receptor mRNA, partial cds 
HEATH224 Oncorhynchus mykiss gene encoding lipoprotein lipase, complete CDS 
HEATH225 Epinephelus coioides fatty acid binding protein 10 (FABP10) mRNA, complete cds 
HEATH226 Oncorhynchus mykiss clone omyk-evo-507-248 Lysozyme g putative mRNA, complete cds 
HEATH227 Salmo salar clone ssal-rgh-520-121 Malate dehydrogenase, cytoplasmic putative mRNA, complete cds 
HEATH228 Chinook salmon melanin-concentrating hormone 1 (MCH 1) mRNA, complete cds 
HEATH229 Chinook salmon melanin-concentrating hormone 2 (MCH 2) mRNA, complete cds 
HEATH230 Salmo salar clone ssal-rgh-520-198 Metalloproteinase inhibitor 2 precursor putative mRNA, complete cds 
HEATH231 Salmo salar Metalloreductase STEAP4 (stea4), mRNA  
HEATH232 Oncorhynchus mykiss partial mRNA for MHC class I alpha chain (oncmyk-UBA gene), isolate B25 
HEATH233 Oncorhynchus mykiss MHC class II beta-chain (Onmy-DAB) mRNA, Onmy-DAB*1401 allele, partial cds 
HEATH234 Oncorhynchus mykiss partial mRNA for MHC class I alpha chain (oncmyk-UBA gene), isolate B25 
HEATH235 Oncorhynchus tshawytscha non-classical MHC class I antigen (Onts-UAA) gene, Onts-UAA*0101 allele, complete cds 
HEATH236 Oncorhynchus tshawytsha MHC class I alpha 1 antigen (Onts-A1) gene, Onts-A1*36 allele, partial cds 
HEATH237 Oncorhynchus tshawytscha isolate Onts-1G1 MHC class II antigen beta gene, partial cds 
HEATH238 Salmo salar clone ssal-rgf-509-378 Echinoderm microtubule-associated protein-like 1 putative mRNA, partial cds 
HEATH239 Salmo salar clone ssal-evd-508-208 Mitochondrial import receptor subunit TOM20 homolog putative mRNA, complete cds 
HEATH240 Salmo salar Mitogen-activated protein kinase organizer 1 (morg1), mRNA  
HEATH241 Oncorhynchus mykiss mineralocorticoid receptor (MR) mRNA, partial cds 
HEATH242 Oncorhynchus mykiss interferon-induced GTP-binding protein Mx (mx), mRNA  
HEATH243 Oncorhynchus mykiss Mx2 protein (mx2), mRNA  
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HEATH244 Salmo salar myomesin 2-like (LOC100194578), mRNA  
HEATH245 Oncorhynchus mykiss myostatin 2 (LOC100135920), mRNA  
HEATH246 Coregonus lavaretus mitochondrial DNA, complete genome 
HEATH247 Oncorhynchus tshawytscha mitochondrion, complete genome 
HEATH248 Oncorhynchus mykiss Na/K ATPase alpha subunit isoform 1b (LOC100136184), mRNA  
HEATH249 Oncorhynchus mykiss clone omyk-evo-506-263 Nicotinamide riboside kinase 2 putative mRNA, complete cds 
HEATH250 Oncorhynchus tshawytscha natural resistance-associated macrophage protein-alpha (nramp-a) gene, partial cds 
HEATH251 Salmo salar clone ssal-evd-518-241 Proliferating cell nuclear antigen putative mRNA, complete cds 
HEATH252 Oreochromis niloticus origin recognition complex, subunit 1 (ORC1), mRNA 
HEATH253 Salmo salar formiminotransferase cyclodeaminase (ftcd), mRNA  
HEATH254 Oncorhynchus mykiss pentraxin (LOC100136775), mRNA  
HEATH255 Salmo salar clone ssal-rgf-524-368 Phosphoenolpyruvate carboxykinase, cytosolic putative mRNA, partial cds 
HEATH256 Oncorhynchus masou formosanus peptidylprolyl isomerase B (PPIB) mRNA, complete cds 
HEATH257 Oncorhynchus mykiss clone Arlee natural killer cell enhancement factor (Nkef) mRNA, complete cds 
HEATH258 Salmo salar 6-phosphofructokinase type C (k6pp), mRNA  
HEATH259 Salmo salar Phosphoacetylglucosamine mutase (agm1), mRNA  
HEATH260 Salmo salar phosphoglycerate mutase 2-1 (muscle) (LOC100194644), mRNA  
HEATH261 Ailuropoda melanoleuca phosphorylase kinase, alpha 2 (liver), transcript variant 2 (PHKA2), mRNA 
HEATH262 Salmo salar Pigment epithelium-derived factor (pedf), mRNA  
HEATH263 Salmo salar clone ssal-rgf-501-148 Plastin-2 putative mRNA, pseudogene cds 
HEATH264 Ornithorhynchus anatinus plastin-3-like (LOC100080345), mRNA 
HEATH265 Oncorhynchus mykiss precerebellin-like protein (cblnl), mRNA  
HEATH266 PRLII=prolactin II [Oncorhynchus tschawytscha=chinook salmon, Genomic, 6367 nt] 
HEATH267 Oncorhynchus mykiss Profilin-1 (prof1), mRNA  
HEATH268 Oncorhynchus mykiss Profilin-1 (prof1), mRNA  
HEATH269 Oncorhynchus mykiss Profilin-1 (prof1), mRNA  
HEATH270 Salmo salar prohibitin 2 (phb2), mRNA  
HEATH271 ONHPROLAO.tschawytscha (chinook salmon) prolactin mRNA, complete cds 
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HEATH272 Oncorhynchus mykiss clone omyk-evo-501-263 Proteasome activator complex subunit 2 putative mRNA, complete cds 
HEATH273 Oncorhynchus mykiss clone omyk-evo-512-113 Proteasome subunit alpha type 6 putative mRNA, complete cds 
HEATH274 Oncorhynchus mykiss clone omyk-evo-503-068 Proteasome subunit beta type 1-A putative mRNA, complete cds 
HEATH275 Salmo salar clone ssal-evd-504-090 Pterin-4-alpha-carbinolamine dehydratase putative mRNA, complete cds 
HEATH276 Salmo salar clone HM6_0827 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 4-like mRNA, partial cds 
HEATH277 Salmo salar clone ssal-rgf-539-340 Pyruvate dehydrogenase E1 component subunit alpha, somatic form 
HEATH278 Oncorhynchus tshawytscha voucher N400 recombination-activating protein 1 (RAG1) gene, exon 2 and partial cds 
HEATH279 Oncorhynchus masou formosanus retinol-binding protein 1 (RBP1) mRNA, complete cds 
HEATH280 Salmo salar ribulose-5-phosphate-3-epimerase (rpe), mRNA  
HEATH281 Oncorhynchus tshawytscha heterogeneous nuclear ribonucleoprotein L-like gene, partial sequence 
HEATH282 Danio rerio RAB43, member RAS oncogene family (rab43), mRNA  
HEATH283 Oncorhynchus tshawytscha ribosomal protein L8 (rpL8) mRNA, partial cds 
HEATH284 Salmo salar clone ssal-rgg-517-232 S100-A11 putative mRNA, complete cds 
HEATH285 Oncorhynchus mykiss serum amyloid A (saa), mRNA  
HEATH286 Oreochromis niloticus protein transport protein Sec24A-like (LOC100711053), mRNA 
HEATH287 Oncorhynchus mykiss serum albumin mRNA, partial cds 
HEATH288 Salmo salar clone ssal-rgf-513-115 Signal recognition particle 54 kDa protein putative mRNA, complete cds 
HEATH289 Salmo salar clone ssal-rgf-522-241 Sodium/potassium-transporting ATPase subunit alpha-1 precursor putative mRNA, partial cds 
HEATH290 Human adenovirus 6 isolate Tonsil 99, complete genome 
HEATH291 Salmo salar solute carrier family 25-2 (LOC100194655), mRNA  
HEATH292 Oncorhynchus tshawytscha isolate T-20 somatolactin precursor, gene, exon 5 and partial cds 
HEATH293 Salmo salar Copper chaperone for superoxide dismutase (ccs), mRNA  
HEATH294 Oncorhynchus mykiss clone omyk-evo-501-271 Stathmin putative mRNA, complete cds 
HEATH295 Salmo salar stathmin-like 4 (stmn4), mRNA  
HEATH296 Salmo salar clone ssal-rgf-505-285 DnaJ homolog subfamily C member 5 putative mRNA, complete cds 
HEATH297 Salmo salar clone ssal-rgh-511-122 Superoxide dismutase, mitochondrial precursor putative mRNA, complete cds 
HEATH298 Oncorhynchus mykiss Superoxide dismutase (sodc), mRNA  
HEATH299 Oncorhynchus mykiss Syntaxin-7 (stx7), mRNA  
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HEATH300 Salmo salar clone ssal-rgf-510-337 T-complex protein 1 subunit alpha putative mRNA, pseudogene cds 
HEATH301 Salmo salar T-complex protein 1 subunit delta (tcpd), mRNA  
HEATH302 Salmo salar clone ssal-rgf-515-199 G patch domain and KOW motifs-containing protein putative mRNA, pseudogene cds 
HEATH303 Oncorhynchus mykiss SYPG1 (SYPG1), PHF1 (PHF1), and RGL2 (RGL2) genes, complete cds; 
HEATH304 Oncorhynchus mykiss clone omyk-evo-507-286 Thioredoxin putative mRNA, complete cds 
HEATH305 Oncorhynchus mykiss thrombin mRNA, 3' end 
HEATH306 Oncorhynchus mykiss beta thymosin (LOC100136027), mRNA  
HEATH307 Oncorhynchus mykiss toll-like receptor 1 (tlr1), mRNA  
HEATH308 Oncorhynchus mykiss membrane-Toll-like receptor 5 (tlr5m), mRNA  
HEATH309 Oncorhynchus mykiss toll-like receptor 7 (TLR7) gene, complete cds 
HEATH310 Oncorhynchus mykiss toll-like receptor 8a1 (TLR8a1) gene, complete cds 
HEATH311 Oncorhynchus mykiss toll-like receptor 8a2 (TLR8a2) gene, complete cds 
HEATH312 Oncorhynchus mykiss toll-like receptor 9 (TLR9) gene, complete cds; and Tc1-like transposon, complete sequence 
HEATH313 Oncorhynchus tshawytscha putative tumor necrosis factor mRNA, partial cds 
HEATH314 Oncorhynchus mykiss tumour necrosis factor receptor (tnfr), mRNA  
HEATH315 Danio rerio novel protein similar to vertebrate TAF4 RNA polymerase II, TATA box binding protein (TBP)-associated factor 
HEATH316 Oncorhynchus mykiss transferrin (LOC100136298), mRNA 
HEATH317 Salmo salar clone ssal-evf-565-337 Eukaryotic translation initiation factor 4E-1A-binding protein putative mRNA, complete cds 
HEATH318 Oncorhynchus mykiss Eukaryotic translation initiation factor 6 (if6), mRNA  
HEATH319 Salmo salar clone ssal-evd-579-189 Eukaryotic translation initiation factor 2 subunit 2 putative mRNA, complete cds 
HEATH320 Salmo salar clone ssal-eve-543-075 Mitochondrial import inner membrane translocase subunit Tim8 A putative mRNA, complete cds 
HEATH321 Salmo salar clone ssal-eve-553-128 transport protein Sec61 subunit gamma putative mRNA, complete cds 
HEATH322 Oncorhynchus mykiss trout C-polysaccharide binding protein 1 mRNA, partial cds 
HEATH323 Oncorhynchus tshawytscha isolate T-20 tumor supressor p53 gene, partial cds 
HEATH324 Salmo salar clone HM5_2973 tubulin, alpha 8 like 3-2 mRNA, complete cds 
HEATH325 Oncorhynchus mykiss tyrosine aminotransferase mRNA, partial cds 
HEATH326 Salmo salar clone ssal-evd-565-185 Ubiquitin-conjugating enzyme E2 K putative mRNA, complete cds 
HEATH327 Oncorhynchus mykiss ubiquitin (LOC100135798), mRNA  
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HEATH328 Oncorhynchus mykiss urotensin-I protein (urotensin-i), mRNA  
HEATH329 Pan troglodytes mRNA for uracil-DNA glycosylase, complete cds, clone: PtsC-77-5_H03 
HEATH330 Oreochromis niloticus uridine phosphorylase 2-like (LOC100708084), mRNA 
HEATH331 Salmo salar clone ssal-rgb2-648-265 Vacuolar proton pump subunit G 1 putative mRNA, complete cds 
HEATH332 Oncorhynchus tshawytscha vitelline envelope protein gamma (VEP gamma) mRNA, partial cds 
HEATH333 Oncorhynchus tshawytscha vitellogenin (VTG) mRNA, partial cds 
HEATH334 Oncorhynchus mykiss clone omyk-evn-503-158 Calmodulin putative mRNA, complete cds 
HEATH335 Oncorhynchus tshawytscha insulin-like growth factor-binding protein 2b transcript variant 2 mRNA, complete cds, alternatively spliced 
HEATH336 Oncorhynchus tshawytscha insulin-like growth factor-binding protein 2a transcript variant 2 mRNA, partial cds, alternatively spliced 
HEATH337 Oncorhynchus tshawytscha insulin-like growth factor-binding protein 2b transcript variant 1 mRNA, complete cds, alternatively spliced 
HEATH338 Oncorhynchus tshawytscha insulin-like growth factor-binding protein 2a transcript variant 1 mRNA, complete cds, alternatively spliced 
HEATH339 Oncorhynchus tshawytscha ribosomal protein L8 (rpL8) mRNA, partial cds 
HEATH340 Oncorhynchus tshawytscha estrogen receptor alpha (ER alpha) mRNA, partial cds 
HEATH341 Oncorhynchus tshawytscha glutamate dehydrogenase gene, 3' UTR 
HEATH342 Oncorhynchus tshawytscha aspartate aminotransferase gene, partial cds and 3' UTR 
HEATH343 Oncorhynchus tshawytscha natural killer cell enhancement factor (Nkef) gene, 3' UTR 
HEATH344 Oncorhynchus tshawytscha cyclooxygenase-1 (cox-1) gene, partial cds and 3' UTR 
HEATH345 Oncorhynchus tshawytscha insulin-like growth factor binding protein-1 mRNA, complete cds 
HEATH346 Oncorhynchus tshawytscha Pit-1 mRNA, complete cds 
HEATH347 gonadotropin alpha subunit [Oncorhynchus tschawytscha=chinook salmon, pituitary, mRNA, 678 nt] 
HEATH348 Oncorhynchus tshawytscha growth hormone mRNA, complete cds 
HEATH349 Oncorhynchus tshawytscha virus-inducible stress protein (VISP) mRNA, complete cds 
HEATH350 Oncorhynchus tshawytscha vomeronasal 1 receptor-like protein (ora1-2) gene, complete cds 
HEATH351 Oncorhynchus tshawytsha clone Chin1 chemokine CK-1 gene, complete sequence 
HEATH352 Oncorhynchus tshawytscha growth hormone 2 gene, intron C, complete sequence 
HEATH353 proglucagon {3' region} [Chinook salmon, pancreas, mRNA Partial, 400 nt] 
HEATH354 Oncorhynchus tshawytscha cell-line CHSE-214 cathelicidin mRNA, partial cds 
HEATH355 Oncorhynchus tshawytscha CLOCK1b (Clock1b) mRNA, partial cds 
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HEATH356 Oncorhynchus tshawytscha CLOCK1a (Clock1a) mRNA, partial cds 
HEATH357 Oncorhynchus tshawytscha annexin mRNA, complete cds 
HEATH358 Oncorhynchus tshawytscha metallothionein A (metA) gene, exons 1 through 3 and partial cds 
HEATH359 Oncorhynchus tshawytscha metallothionein B (metB) gene, exons 2, 3 and partial cds 
HEATH360 Oncorhynchus tshawytscha SLR mRNA for somatolactin receptor, partial cds 
HEATH361 Oncorhynchus tshawytscha RTN1w (RTN1) mRNA, 3' UTR 
HEATH362 O.tschawytscha isl-1 mRNA  
HEATH363 oncorhynchus mykiss complement factor d mrna 
HEATH364 Oncorhynchus mykiss properdin P factor complement 2 precursor (pfc), mRNA  
HEATH365 Oncorhynchus mykiss lymphocyte activation gene 3 (lag-3), mRNA  
HEATH366 Oncorhynchus mykiss granulocyte colony-stimulating factor precursor (csf-3), mRNA  
HEATH367 Oncorhynchus mykiss defensin beta 3 (defb3), mRNA  
HEATH368 Oncorhynchus mykiss R-spondin-like protein (rspo1) mRNA, partial cds 
HEATH369 Oncorhynchus mykiss thymosin beta (LOC100170202), mRNA  
HEATH370 Oncorhynchus mykiss Wilms' tumor suppressor 1b (WT-t1b) mRNA, complete cds 
HEATH371 Oncorhynchus mykiss melanocortin 2 receptor accessory protein 2 (mrap2), mRNA  
HEATH372 Oncorhynchus mykiss regucalcin (rgn), mRNA  
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Appendix B 
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Chinook salmon (Oncorhynchus tshawytscha) gene transcription with significant response 24 hours after Vibrio anguillarum 
stimulation.  Significance was determined via log ratio contrasts of REML model fits to microarray data with and without a fixed 
effect for treatment. 
Top BLASTn Hit Accession # P-value 
Salmo salar clone ssal-rgf-524-146 Medium-chain specific acyl-CoA dehydrogenase,complete cds BT059085 0.0002 
Oncorhynchus tshawytscha aryl hydrocarbon receptor (AhR) mRNA, partial cds FJ226368 <0.0001 
Salmo salar clone ssal-rgf-532-176 Alpha-N-acetylgalactosaminidase putative mRNA, partial cds BT072612 0.002 
Oncorhynchus tshawytscha isolate tRNA-Glx (trnZ) gene, partial sequence JX960820 <0.0001 
Oncorhynchus mykiss apolipoprotein E (apoe), mRNA  NM_001124346.1 0.0069 
Salmo salar Arginine/serine-rich coiled-coil protein 1 (rsrc1), mRNA  NM_001140733.1 0.0006 
Oncorhynchus tshawytscha mitochondrion, complete genome HQ167677 0.0064 
Oncorhynchus tshawytscha voucher Ot003 ATPase 8 and ATPase 6 genes, complete cds; mitochondrial HQ167677 <0.0001 
Salmo salar clone ssal-rgf-539-230 Calreticulin precursor putative mRNA, partial cds BT072764 0.0067 
Oncorhynchus mykiss complement component C8 gamma (LOC100136109), mRNA  BT060041 <0.0001 
Oreochromis niloticus carnitine O-palmitoyltransferase 2, mitochondrial-like (LOC100706914), mRNA XM_003444246.1 0.0019 
Salmo salar clone HM5_0991 creatine kinase-3 (ckm3) mRNA, complete cds BT043801 <0.0001 
Oncorhynchus mykiss corticotropin releasing factor precursor (LOC100135941), mRNA  NM_001124286 0.0045 
Oncorhynchus tshawytscha voucher Ot005 cytochrome oxidase subunit II (COII) gene, partial cds; mitochondrial JQ390056 0.0006 
Oncorhynchus mykiss cytochrome P450 monooxygenase CYP2K1v3 (CYP2K1v3) mRNA, complete cds AF045053 0.002 
Oncorhynchus tshawytscha voucher Ot004 cytochrome oxidase subunit I (COI) gene, complete cds; mitochondrial JX960927 <0.0001 
Siniperca chuatsi hypothetical protein mRNA, complete cds DQ319869.1 <0.0001 
Acanthopagrus latus elastase-like serine protease mRNA, complete cds EU117419 0.0001 
Salmo salar clone ssal-rgf-532-379 Eukaryotic translation initiation factor 2 subunit 2 putative mRNA, complete cds BT059559 0.0071 
plecoglossus altivelis mrna for fibrinogen gamma chain precursor (fgg gene) AY735179 0.0033 
Salmo salar cyclin B3 (ccnb3), mRNA  NM_001140296 0.0046 
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Oncorhynchus mykiss glutathione peroxidase mRNA, partial cds AF281338 0.0058 
Salmo salar clone ssal-rgb2-564-258 Glycogenin-1 putative mRNA, complete cds BT057731 <0.0001 
Oncorhynchus tshawytscha insulin-like growth factor binding protein-1a mRNA, complete cds JF920120 0.0034 
Oncorhynchus mykiss hepcidin mRNA, complete cds AF281354 <0.0001 
Oncorhynchus mykiss clone omyk-evo-503-169 High choriolytic enzyme 1 precursor putative mRNA, complete cds BT074232 0.0059 
Oncorhynchus mykiss heat shock cognate protein 70a (hsc70a), mRNA HQ287746 0.0027 
Oncorhynchus mykiss heat shock 90kDa protein 1 beta isoform a (hsp90ba), mRNA  NM_001124231 0.0028 
O.tschawytscha clone OtIGFI-117A alternatively spliced insulin-like growth factor-I (IGF-I) mRNA, complete cds U15962 0.0002 
Oncorhynchus mykiss insulin-like growth factor II (igf2), mRNA  FJ817293 <0.0001 
Oncorhynchus tshawytscha insulin-like growth factor-binding protein 3 mRNA, complete cds HM536183 0.0026 
Oncorhynchus tshawytscha putative immunoglobulin mu heavy chain mRNA, partial cds AH014877 0.0001 
Dicentrarchus labrax chromosome sequence corresponding to linkage group 1, top part, complete sequence FQ310506 0.0074 
Oncorhynchus mykiss insulin receptor a (IRa) mRNA, partial cds AF062496 0.0002 
Oncorhynchus mykiss insulin receptor c (IRc) mRNA, partial cds AF021042 <0.0001 
Oncorhynchus mykiss insulin receptor 2 mRNA, partial cds FJ769224 0.0041 
Oncorhynchus tshawytscha interleukin-1 beta mRNA, partial cds FJ890361 0.0009 
Oncorhynchus mykiss gene encoding lipoprotein lipase, complete CDS AJ224693 0.0013 
Oncorhynchus mykiss clone omyk-evo-507-248 Lysozyme g putative mRNA, complete cds BT074079 0.0066 
Oncorhynchus mykiss MHC class II beta-chain (Onmy-DAB) mRNA, Onmy-DAB*1401 allele, partial cds U34720 <0.0001 
Oncorhynchus mykiss partial mRNA for MHC class I alpha chain (oncmyk-UBA gene), isolate B25 JN897012 <0.0001 
Oncorhynchus tshawytscha isolate Onts-1G1 MHC class II antigen beta gene, partial cds GU989305 <0.0001 
Salmo salar clone ssal-rgf-509-378 Echinoderm microtubule-associated protein-like 1 putative mRNA, partial cds BT072064 0.0051 
Salmo salar Mitogen-activated protein kinase organizer 1 (morg1), mRNA  NM_001141085.1 0.0015 
Oncorhynchus tshawytscha mitochondrion, complete genome AF392054 0.0013 
Oncorhynchus tshawytscha natural resistance-associated macrophage protein-alpha (nramp-a) gene, partial cds EF042597 0.01 
Oncorhynchus masou formosanus peptidylprolyl isomerase B (PPIB) mRNA, complete cds BT050194 0.0023 
Salmo salar phosphoglycerate mutase 2-1 (muscle) (LOC100194644), mRNA  NM_001139729 0.0004 
Oncorhynchus mykiss Profilin-1 (prof1), mRNA  NM_001165157 0.0036 
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Oncorhynchus mykiss Profilin-1 (prof1), mRNA  NM_001165157 0.0091 
Salmo salar clone ssal-evd-504-090 Pterin-4-alpha-carbinolamine dehydratase putative mRNA, complete cds BT121340 0.0051 
Oncorhynchus masou formosanus retinol-binding protein 1 (RBP1) mRNA, complete cds EU325861 0.003 
Oncorhynchus tshawytscha heterogeneous nuclear ribonucleoprotein L-like gene, partial sequence DQ914957 0.0071 
Danio rerio RAB43, member RAS oncogene family (rab43), mRNA  NM_001083563.1 0.0037 
Oncorhynchus tshawytscha ribosomal protein L8 (rpL8) mRNA, partial cds FJ226373 0.0041 
Salmo salar clone ssal-rgf-513-115 Signal recognition particle 54 kDa protein putative mRNA, complete cds BT045144 0.0002 
Salmo salar Copper chaperone for superoxide dismutase (ccs), mRNA  NM_001140314 0.006 
Oncorhynchus mykiss SYPG1 (SYPG1), PHF1 (PHF1), and RGL2 (RGL2) genes, complete cds; FM864346 0.0002 
Oncorhynchus mykiss clone omyk-evo-507-286 Thioredoxin putative mRNA, complete cds BT074052 <0.0001 
Oncorhynchus mykiss thrombin mRNA, 3' end M81398.1 0.0085 
ssal-evf-565-337 Eukaryotic translation initiation factor 4E-1A-binding protein putative mRNA, complete cds BT056637 <0.0001 
ssal-eve-543-075 Mitochondrial import inner membrane translocase subunit Tim8 A putative mRNA, complete cds BT048007 0.0014 
Oncorhynchus tshawytscha isolate T-20 tumor supressor p53 gene, partial cds BT058777 <0.0001 
Oncorhynchus tshawytscha aspartate aminotransferase gene, partial cds and 3' UTR EF042601 0.0003 
Oncorhynchus mykiss lymphocyte activation gene 3 (lag-3), mRNA  NM_001195275 0.0003 
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